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The issues on environmental change and global warming have attracted ceaseless 
debates on CO2 emission, its effects and consequential treatments. Compared to 
traditional carbon capture and sequestration methods, membrane technology has 
relatively smaller ecological footprint, lower energy consumption and is easier to 
operate. Membrane technology has been rapidly developed in chemical and 
petrochemical applications including natural gas sweetening, oxygen enrichment, 
hydrogen purification and separation of organic compounds. Polymers are the major 
materials in membranes for gas separation, but the industrial applications of 
polymeric membranes are still restricted due to their mediocre separation 
performance. To improve the gas transport properties of polymeric membranes, two 
types of mixed matrix membranes (MMMs) were fabricated by incorporating 
zeolitic imidazolate frameworks (ZIFs) as inorganic fillers or polymer of intrinsic 
microporosity (PIM-1) as organic filler. 
 
In the first study, the effects of ZIF-8 nanoparticles in miscible room temperature 
ionic liquid (RTIL) blend systems for pre-combustion natural gas sweetening and 
post-combustion CO2 capture were investigated. The miscible blend systems consist 
of a polymerizable ionic liquid (PIL) and a “free” RTIL. The PIL is 
1-vinyl-3-butylimidazolium bis(trifluoromethylsulfonyl) imide ([vbim][NTf2]), while 
the RTIL is either (i) 1-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4]), 
(ii) 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl) imide ([emim][NTf2]) 
xi 
or (iii) 1-ethyl-3-methylimidazolium tetracyanoborate ([emim][B(CN)4]). 
Experimental results show that the free ionic liquids are miscible with PIL, while 
ZIF-8 particles are uniformly dispersed in the MMMs. The presence of ZIF-8 
nanoparticles in the MMMs considerably improves the gas permeability without 
scarifying CO2/N2 and CO2/CH4 selectivities. The gas permeability of 
PIL/[emim][B(CN)4]/ZIF-8 comprising 25.8 wt% ZIF-8 exhibits a threefold increase 
in gas permeability. Both the semi-logarithmic addition and Maxwell equations are 
employed to analyse the transport mechanisms of the newly developed MMMs. The 
relationship of gas permeability versus ZIF-8 content for PIL/ZIF-8 and 
PIL/[emim][NTf2]/ZIF-8 system follows the Maxwell prediction, indicating these 
blend membranes are intrinsically heterogeneous with well dispersed ZIF-8 
nanoparticles. However, an interesting phenomenon was observed in the 
PIL/[emim][B(CN)4]/ZIF-8 system where the homogeneous PIL/RTIL phase turns 
into a more heterogeneous phase upon the adding of ZIF-8. As a result, a double 
employment of Maxwell equation is needed to analyse the enhanced gas permeability 
when ZIF-8 loading is higher. The PIL/[emim][B(CN)4]/ZIF-8 system with 25.8 wt% 
ZIF-8 exhibits impressive performance for post-combustion CO2/N2 (50/50 mol%) 
separation. It has a CO2 permeability of 906.36 barrers and a CO2/N2 selectivity of 
20.95 at 35 °C and 3.5 bar. 
 
The mixed matrix membranes (MMMs) consisting of zeolite imidazolate 
framework-71 (ZIF-71, Zn(cbIm)2) and polymer of intrinsic microporosity (PIM-1) 
xii 
with and without the ultraviolet (UV) irradiation for various gas separations were 
then studied. Well compatible MMMs are formed between ZIF-71 nanoparticles and 
PIM-1. The incorporation of ZIF-71 considerably enhances the gas permeability 
without compromising the gas pair selectivities of O2/N2, CO2/N2 and CO2/CH4. The 
PIM-1 comprising 30 wt% ZIF-71 exhibits a 154% increase in CO2 permeability. An 
excellent agreement is found between the measured permeability and the Maxwell 
prediction. FESEM and PAS confirm the formation of an ultrathin dense layer at the 
membrane surface after the UV treatment. The photo-oxidative PIM-1 has CO2/CH4, 
CO2/N2 and O2/N2 selectivities of 34.1, 29.8 and 6.7, respectively, while the 
UV-treated MMMs possess much higher gas permeability compared to that of 
photo-oxidative PIM-1 with comparable gas pair selectivities. For mixed gas tests, 
the UV treated PIM-1 containing 20 wt% ZIF-71 has a CO2 permeability of around 
2000 barrers and a CO2/CH4 selectivity of 32. This performance outperforms PIM-1 
and UV treated PIM membranes. The UV-PIM-1/ZIF-71 membranes have superior 
separation performance with both high permeability and selectivity for CO2/CH4 or 
other gas pair separation. 
 
Despite the superior performance of the aforementioned systems, the loading of 
particles is usually limited. To improve the gas transport properties of a low 
permeable material, i.e. polyetherimide Ultem, different weight percentages of 
PIM-1 were added as organic filler to form MMMs. Good dispersion between the 
PIM-1 and Ultem phases were found when the PIM-1 loading was low (< 20 wt%) 
xiii 
or high (> 90 wt%). A slight shift of Tg was observed when the PIM-1 loading 
increased from 0 wt% to 50 wt%, suggesting likely partially miscibility. The 
molecular-level interactions were further confirmed by FTIR and XRD analyses, 
where shifts of peaks were detected. Gas transport properties were explored for all 
MMMs with pure gases including He, N2, O2, CH4, CO2 and mixed gases including 
CO2/CH4 (50/50) and CO2/N2 (50/50) gas pairs for Ultem/PIM-1 (90/10) and 
Ultem/PIM-1 (80/20) blends. Considerable increment in gas permeability were 
observed by adding only 5 or 10 wt% PIM-1 without compromising gas pair 
selectivity, i.e., the CO2 permeability increased impressively over 47% and 167%, 
respectively, compared with the pristine Ultem. When comparing the gas permeation 
properties with the predictions from semi-logarithm and Maxwell equations, they 
follow nicely with the semi-logarithm addition when the PIM-1 loadings are low (< 
20 wt%), indicting relatively homogenous blends at these compositions, while the 
transport properties match closely with the Maxwell prediction at high PIM-1 
loadings (> 90 wt%) due to the good dispersion of Ultem inside PIM-1. 
 
Dual-layer hollow fiber membranes were produced from blends of Ultem and 
polymer of intrinsic microporosity (PIM-1) with enhanced gas permeance. The 
effects of spinning parameters (take-up speed and air gap distance) on gas separation 
performance were investigated based on the pristine Ultem. Selected spinning 
conditions were further adopted for the blend system, achieving defect-free and 
almost defect-free hollow fibers. Adding PIM-1 results in a higher fractional free 
xiv 
volume, 50% increment in gas permeance was observed for Ultem/PIM-1 (95/5) and 
more than 100% increments for Ultem/PIM-1 (85/15). Both O2/N2 and CO2/CH4 
selectivities remained the same for Ultem/PIM-1 (95/5) and above 80% of their 
respective intrinsic values for Ultem/PIM-1 (85/15). The selective layer thickness 
ranges from 70 nm to 120 nm, indicating the successful formation of ultrathin dense 
layers. Moreover, minimum amount of the expensive material was consumed, i.e., 
0.88, 1.7 and 2.3 wt% PIM-1 for Ultem/PIM-1 (95/5), (90/10) and (85/15), 
respectively. This study opens up the potential of employing PIM-1 as organic filler 
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1.1 The importance of CO2 separation by membranes 
The issues on environmental change and global warming have attracted ceaseless 
debates on carbon dioxide (CO2) emission, its effects and consequential treatments.  
Human factors are the major contributors to the escalation of annual global CO2 
emission with 80% increase from 1970 to 2004 [1]. Despite the public awareness of 
the higher concentrations of greenhouse gases, atmospheric CO2 level keeps 
increasing and reached 400 ppm in early 2014 for the first time in recorded history. 
Fig 1.1 illustrates the carbon emission from various types of fossil fuels. Those fuels 
contribute to 80% of global energy production and 86% of greenhouse gas emissions 
[2]. 
 
Fig. 1.1 Carbon emission broken down into different fossil fuels. Source: United 
States Department of Energy [3] 
 
Carbon capture and sequestration (CCS) is one way to reduce the CO2 emission for 
either coal-fired or natural gas-based power generation, followed by compression, 
transport and storage. Integrated gasification combined cycle (IGCC) projects like 
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ZeroGen and FutureGen were proposed aiming at near-zero CO2 emission [4]. 
Various CO2 capture methods must be developed in order to control the CO2 
emission and implement end-of-pipe storage or further CO2 utilizations [5].
   
 
  
Fig. 1.2 Carbon-reducing power generation with various separation challenges. 
Reproduced from Ref. [6], copyright @ 2012 Royal Society of Chemistry 
 
Three approaches have been proposed to reduce or capture the CO2 emission from 
power generation processes as illustrated in Fig. 1.2, each involves the separation of 
different gas pairs [6]:  
(a) CO2/N2 for decarbonization of coal combustion flue gas treatment, where 
CO2 can make up to 40% of total gases, 
(b) Purification or isolation of gaseous fuels such as H2 and CH4, where CO2 
could be the major contaminant, and 
(c) O2/N2 oxy-combustion to separate O2 from air before the combustion thus 
generates nearly sequestration-ready CO2 effluent after combustion.  
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Compared to other traditional methods such as absorption, adsorption, cryogenic 
distillation and chemical-looping combustion, membrane technology does not 
require regeneration processes or large footprint [7]. It has become an 
environmentally benign and energy-efficient technique for various gas separations, 
such as air separation and hydrogen recovery [8-10]. Membrane technology is also a 
proven technology for natural gas sweetening CO2 capture. For instance, it already 
occupied 20% of the CO2/CH4 separation market in 2009 [11]. Besides, polymers, by 
nature, are light weighted materials with numerous variations in forms and properties 
that can be processed into different scales and configurations. 
 
1.2 Development of gas separation membranes 
The origin of gas separation membrane dated back in 1829 when Thomas Graham 
discovered the gaseous osmosis through an animal bladder in the air/CO2 system 
[12]. He later developed the Law of Diffusion in which he proposed that the gas 
transport through membranes follows the “solution-diffusion” mechanism [13]. In 
1879, Sigmund von Wroblewski further quantified the model, characterized 
diffusivity and solubility coefficients for gas transport and defined the permeability 
of penetrant’s flux [14]. Various pioneer works have focused on the scientific 
fundamentals of the membrane technique. From 1930s to 1940s, R.M. Barrer 
investigated the effects of membrane structures and cross-link densities on the gas 
flux. In 1950s, Barrer also performed the first systematic permeability measurement. 
Later in 1961, Loeb and Sourirajan successfully produced the first cellulose acetate 
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(CA) asymmetric membrane for reverse osmosis, thus opened up the potentials for 
industrial membrane applications. In 1980, the first commercial gas separation 
membrane Prism® was introduced by Permea, where the defects on the asymmetric 
membrane surface layer were sealed by another layer of silicone rubber [15]. 
Following which, as illustrated in Fig 1.3, the development of commercially 
available membranes accelerated the invention and investigation for more materials. 
 
 
Fig. 1.3 Recent development of gas separation membranes. Reproduced from Ref. 
[16], copyright @ 2015 Springer International Publishing 
 
Even though the market share of membrane-based gas separation is still limited by 
the current technology, with current sales of membrane systems hits US$1 billion 
annually, the market scale for membrane in 2020 is predicted to increase to five 
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times the size of that in 2000 [15, 17]. The main target for membrane research is to 
develop materials that can have commercial availability for large scale operation and 
can be applied under harsh conditions such as high temperature and high pressure in 
some processes.  
 
1.3 Applications of membrane for gas separation 
The current chemical industry relies plenty on different types of gases, such as 
methane and ethylene. Separation procedure plays a crucial role in production 
processes such as syngas ratio adjustment, oxygen enrichment, post-combustion 
carbon capture, separation and recovery of organic compounds, acid gas separation 
and natural gas dehydration. Membrane technology has been commercialized since 
1980. This section will focus on the more widely available processes including 
hydrogen purification, air separation and carbon dioxide separation.  
 
1.3.1 Hydrogen separation 
As one of the earliest membrane applications, hydrogen separation from mixed gases 
is relatively easy to achieve due to the small molecule size of H2. This separation is 
mainly applied for hydrogen recovery in the purge streams and refineries [18]. 
Adjustment of H2/CO ratio is another implementation for petrochemical associated 
processes, while H2/CH4 ratio is essential in catalytic reformers and cracking. 
Applying membrane in these processes is more economical since hydrogen usually 
has high permeability and high selectivity over other gases. 
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1.3.2 Air separation 
O2/N2 separation, often referred as air separation, could be applied in O2 or N2 
enrichment for various applications. N2-enriched air can be used as inert gas 
blanketing for hydrocarbon fuels or preservation of agricultural products. 
O2-enriched air is more or less limited in medical applications and oxy-combustion 
process. Membrane technology for nitrogen enrichment is growing rapidly and is 
producing 30% of total nitrogen product currently. While for oxygen enrichment, the 
cryogenic process and vacuum swing adsorption still domain the market. For 
membrane technology to gain more market share, novel materials with desired 
permeability and O2/N2 separation factor (>8) are needed [15].  
 
1.3.3 Carbon capture 
Without doubt, CO2 capture plays an essential role in modern industry. The attempt 
to capture CO2 for end-of-pipe storage and further application leads to the 
development of various capture methods such as physical or chemical adsorption, 
gas hydrates and biofixation approaches [2, 19]. In coal-based power production, 
there are three ways to capture CO2 generated during the process [2]: (1) 
pre-combustion CO2 capture from syngas (gasified coal), (2) post-combustion CO2 
capture from power plant flue gas, and (3) oxy-combustion to separate O2 from air 




While in natural gas related power production, membrane can be used to separate 
CO2 from CH4 as pre-combustion natural gas sweetening. Amongst all industrial gas 
separations, natural gas processing is the largest application [2]. Although membrane 
system already occupied some part of the CO2/CH4 market, the current selectivity 
has to be increased from 12~15 to 40 in order to replace amine plants [15]. 
  
1.4 Diversity of membrane materials 
According to their chemical nature, membranes can be categorized as organic 
(polymeric) and inorganic membranes. Inorganic membranes are basically molecular 
sieves that separate gases by size. Hybrid membranes are membranes consisting of 
both organic and inorganic components. 
 
1.4.1 Polymeric membranes 
Polymeric membranes are the major materials for large-scale gas separation 
membranes [20]. Organic polymers that are kept below their glass transition 
temperatures (Tg) are in glassy state whereas amorphous polymers kept above Tg are 
in rubbery state. A few already commercialized polymers are listed in Table 1.1. 
Among recently developed materials, glassy polymers have received more attention 
than rubbery ones in gas separation due to their high selectivity and better 
mechanical strength. CA and Polysulfone (PSF) were intensively applied for H2 
recovery from ammonia plant and later substituted by polyimide due to its better 
separation performance, good chemical resistance and thermal stability.  
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Table 1.1 Most commercially available glassy and rubbery polymeric membranes 
for gas separation [21]. 
 
Glassy Polymers Rubbery Polymers 
CA Polydimethylsiloxane (PDMS) 
PSF 
Polyimide 
Ethylene oxide/propylene oxide-amide copolymers 
Polycarbonates  
Polyperfluorodioxoles  
Poly (phenylene oxide) (PPO) 
Polyetherimide (PEI)  
 
On the contrary, rubbery polymers are usually soft with higher free volume, thus 
have higher gas flux. Polydimethylsiloxane (PDMS) is the most widely used rubbery 
polymer in gas separation. It is flexible with large free volume which contributes to 
high gas diffusivity. It also possesses high solubility selectivity therefore is useful for 
separating condensable gases (i.e., CO2, C2-C4, olefins and paraffins) from fast gases 
like H2, N2, O2 or CH4. Ethylene oxide (EO)/propylene oxide polymers also have 
strong affinity towards CO2 because of the polar EO unit. The EO group has also 
been incorporated into polyimide (PEO-PI), nylon-6 and nylon-12 for flue gas 
treatment with remarkable CO2/N2 selectivity [22, 23]. However, EO-containing 
membranes still face challenges such as poor mechanical strength and ease of 
crystallization. 
 
Not surprisingly, polymeric membranes have their limitations corresponding with 
inherent nature which can be presented by Robeson’s permeability-selectivity 
trade-off relationship [24, 25]. A typical example is displayed in Fig. 1.4, when the 
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membrane permeability for O2 goes up, the O2/N2 selectivity decreases. The 
empirical trade-off correlations between different gas pairs have been developed by 
Robeson as well [25]. 
 
 
Fig. 1.4 Robeson’s upper bound for O2/N2 gas pair. Reproduced from Ref. [25], 




1.4.2 Inorganic membranes 
Inorganic materials, in contrast, are not limited by the aforementioned trade-off as 
shown in Fig. 1.5. Zeolites, ceramic, dense metallic membranes, porous alumino- 
silicate minerals, metal-organic frameworks (MOFs) and carbon molecular sieve 
(CMS) membranes have been proved to be excellent gas sieves [26-28]. For example, 
the kinetic diameter of CO2 is 3.30 Å and that of N2 is 3.64 Å therefore a molecular 
sieve with a size in the middle of these two can effectively separate CO2 from N2. 
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Fig. 1.5 Schematic illustration of permeability and selectivity of different types of 
membranes with regard to the Robeson upper bounds. 
 
However, inorganic materials also face challenges because: (1) the kinetic diameters 
may fail to describe the real molecule sizes under turbulent circumstances where the 
actual sizes vary accordingly with changes of environmental factors [29], (2) the 
flexible window size of some particles allows molecules with sizes larger than the 
sieving size to pass through, (3) manufacture of inorganic membranes that overcome 
the trade-off barrier is not cost-effective [30, 31], and (4) inorganic membrane can be 
very brittle compared to polymeric materials. 
 
1.4.3 Mixed matrix membranes 
To synergetically combine the strengths of both organic and inorganic materials as 
well as to minimize each other’s shortcomings such as the relatively low 
permeability of the former and the high cost and difficult fabrication process of the 
latter, the amalgamation of both types of materials was proposed [32]. Note that 
although the concept was drawn from the mixture of both organic and inorganic 
parts, the filler is not limited to inorganic particles. 
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Fig. 1.6 Schematic diagram of different MMM morphologies. Reproduced from Ref. 
[34], copyright @ 2013 American Chemical Society 
 
Nevertheless, there are also several challenges involved in this type of mixed matrix 
membranes (MMMs) because of the compatibility between materials [33]. Adding 
inorganic particles inside the polymer does not necessarily lead to better gas 
separation performance since incorporating fillers can affect its neighbouring 
polymer chains. Fig. 1.6 illustrates the possible configurations of polymer/filler 
inside the system. The inorganic filler can be nonporous inert, nonporous activated 
particles or porous particles. Fumed silica and C60 particles belong to nonporous 
inert filler, which may induce interface voids due to their poor interaction with the 
organic portion (case 2). Non-selective interface voids formed between the polymer 
and the particles allow gas molecules to bypass the sieves thus leads to lower 
selectivity. Activated carbon particles are nonporous activated fillers and have high 
affinity towards certain gases. The interaction with polymers may induce chain 
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rigidification (case 3, the polymer chain mobility becomes lower around the sieve). 
Porous nanoparticles include zeolites, MOFs and CMS. Although they usually 
possess high diffusivity selectivity and high permeability because of their porosity, 
there might also be chain rigidification and pore-blockage (case 4) which will lead to 
lower apparent permeability. Total pore blockage may also hinder the gas molecules 
from going through the sieves thus overshadows the sieve’s role in increasing the 
selectivity.  
 
1.5 Membrane morphology and module configurations 
Based on the physical structures, membranes can be further classified into symmetric, 
asymmetric and MMMs, as illustrated in Fig 1.7 [35]. Symmetric membranes can 
have homogenous (dense) structures, cylindrical pores or sponge-type structure. 
Asymmetric membranes can possess a porous skin, a homogenous skin layer or a 
composite structure with a porous support [36].  
 
The separation principle for membranes will be further explained in Section 2.1. In 
general, for symmetric membranes, the structure is homogenous across the 
membrane and the flux is determined by the membrane porosity and its thickness. 
For asymmetric membrane, the gas flux and selectivity are often limited by its skin 
layer. The porous structure has randomly distributed pores and relatively high 
porosity. A much higher gas flux can be anticipated from the porous substrate than 
that of its skin layer, but the former usually doesn’t contribute gas pair selectivity 
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unless the target gas molecules have considerably different sizes. Homogenous films, 
also named dense membranes, in contrast, possess lower permeation rates yet with 
higher selectivity. MMMs, as mentioned in Section 1.4.3 before, consist of both 
polymer matrix and inorganic or organic filler inside the system. 
 
 
Fig. 1.7 Schematic drawing of different membrane structures. 
 
The configuration of membrane modules can be hollow-fiber module, spiral-wound 
module and tubelet. The last one, however, is not popular in gas separation due to the 
turbulent nature of gas fluid as well as lower effective membrane area at a given 
volume [37]. As shown in Fig. 1.8A (i), shell-side feed hollow fiber modules is 
typically applied in hydrogen recovery in refineries and CO2 removal from natural 
gas. The configuration uses cross-flow and requires good pre-treatment of the feed 
gas. Feed flow can have high pressure and can be well distributed inside the module. 
This type of modules is produced by companies such as Medal and Cynara. On the 
contrary, low pressure, bore-side module uses counter-flow to reduce fouling, as 
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shown in Fig. 1.8A (ii). This type of modules is usually used in air separation and 
dehydration of air. It is available from Medal and Air Product. The spiral-wound 
module is illustrated in Fig. 1.8B, which also utilizes cross-flow. A wide range of 
membranes can be selected to form this type of modules and fouling is generally not 
a problem. This type of module is often applied in CO2 removal from natural gas and 
vapour/gas separations. Separex and MTR produce spiral-wound modules.   
 
 
Fig. 1.8 Two typical configurations of membrane modules. Reproduced from Ref. 
[37], copyright @ 2000 Academic Press. 
 
Hollow-fiber modules dominate the current market while spiral-wound configuration 
shares less than 20% of the total gas separation membranes modules [15]. The 
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production cost of hollow-fiber modules is in the range of $2-5/m2 while it is 
$10-100/m2 for equivalent spiral-wound modules. However, in gas separation plant, 
the cost of membrane modules is usually only 10-25% of the total cost due to other 
expenses on controls, valves, instrumentation and packing vessels. 
 
1.6 Research objectives and organization of dissertation 
The market share of membrane in separation process is still limited by the existing 
technology of manufacturing commercially available modules for large scale 
operation under harsh conditions. Unexploited separation opportunities from 
petrochemical and refinery industries to various pre- and post-combustion CO2 
capture not only open up new prospects for gas separation membranes but also call 
for the discovery of high performance membrane materials. This research work will 
focus on the three approaches for carbon capture in power generation systems to 
develop CO2-philic membranes that are suitable for post-combustion flue gas 
treatment, natural gas sweetening and oxy-combustion of coal. 
 
Chapter One: A review on the general background of the importance of carbon 
dioxide capture and the development of gas separation membranes is presented. The 
various applications of gas separation membranes have been discussed and the 
different types of membranes and their configurations are reviewed. The research 
objectives and organization of this dissertation are summarized. 
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Chapter Two: This chapter will give an overview on the theoretical background and 
fundamentals of gas transport mechanism, followed by the state-of-the-art of gas 
separation membranes with main focus on ionic liquid membranes, polymers of 
intrinsic microporosity (PIM) and zeolitic imidazolate framework-based MMMs. 
 
Chapter Three: The materials used in this work are introduced here, including the 
synthesis processes and membrane preparation protocols for both dense membranes 
and dual-layer hollow fibers. The detailed characterization methods are elaborated 
for determining the physiochemical and gas transport properties of newly 
synthesized membranes. 
 
Chapter Four: ZIF-8-based MMMs are developed with a polymerizable ionic liquid. 
The gas transport properties of membranes with different ZIF-8 concentrations are 
evaluated. Free ionic liquids are added inside the system to facilitate the blending 
and enhance the overall permeability. Maxwell prediction is applied to analyse the 
performance. 
 
Chapter Five: In order to improve both the permeability and selectivity of a 
membrane, ultraviolet (UV) treatment is conducted for PIM-1 to improve gas pair 
selectivities. Incorporating ZIF-71 nanoparticles inside further enhances the 
permeability, resulting in membranes with superior gas separation performance.  
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Chapter Six: Besides incorporating particles, adding PIM-1 as organic filler can also 
form MMMs to improve the gas separation performance of low permeable materials 
with less loading limit. Different concentrations of PIM-1 were embedded inside 
Ultem, a polyetherimide, and the miscibility and gas transport properties of the 
system are documented. 
 
Chapter Seven: Further to the PIM-1/Ultem flat sheet membranes, dual-layer 
hollow fiber membranes are developed based on the previous study. The effects of 
spinning conditions such as dope concentration, air gap distance and take-up speed 
are studied. The morphology and structure of the hollow fibers are investigated. 
Mixed gas tests are also conducted for CO2/CH4 and CO2/N2.  
 
Chapter Eight: the key conclusions derived from this work are highlighted in this 
chapter. Recommended future research directions are also listed.  
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2.1 Gas transport mechanism 
In gas separation, both porous and dense membranes can be applied. The former is 
usually based on viscous flow, Knudsen diffusion, capillary condensation, surface 
diffusion and molecular sieving. The latter is based on solution-diffusion [1, 2]. 
Viscous flow usually leads to non-selective membranes, while surface diffusion and 
capillary condensation depend on the interaction between penetrants and the membrane. 
These three are not the focus of this study. This section will emphasize on the other 
three models to describe the gas transport phenomenon, namely Knudsen diffusion, 
solution diffusion and molecular sieving as illustrated in Fig. 2.1. Based on molecular 
thermodynamics, Knudsen diffusion rates associate with the molecular weight. 
Solution diffusion model relates to both gas diffusivity and membrane solubility [3]. 




Fig. 2.1 Schematic illustration of three gas penetration models: (A) Knudsen flow, 
(B) molecular sieving and (C) Solution-diffusion. Reproduced from Ref. [2] with 
permission, copyright @ 1993 Elsevier B.V 
 
A B C 
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2.1.1 Knudsen Diffusion 
Different gas molecules have different interaction energies when colliding with 
membrane pore walls, which leads to different transport rates. Knudsen diffusion 
applies only to membranes with pore sizes smaller than 5-10 nm because the 
collision with pore wall will be largely reduced when the pore size is larger [4, 5]. 











            (2.1) 
where J refers to the gas flux of gas i, n stands for the number of pores in a unit 
membrane area with pore radius r. Dk is the Knudsen diffusion coefficient, Δp is the 
pressure difference. R and T refer to the gas constant and temperature, respectively. τ 









66.0             (2.2) 
Mi stands for the molecular weight of gas i. Eq. 2.2 above shows that for Knudsen 
flow, the theoretical separation factor of a binary mixture can be calculated as the 
inverse square root of the molecular weights. Some examples are listed in Table 2.1. 
 
Table 2.1 A few examples for separation factors of different gas pairs by calculation 
based on Knudsen diffusion correlation 
Gas pair A/B Separation factor, BA /  Gas pair A/B Separation factor, BA /  
H2/N2 3.728 H2/SO2 5.637 
H2/CO 3.728 N2/O2 1.069 
H2/H2S 4.112 O2/CO2 1.173 
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2.1.2 Solution Diffusion 
For nonporous or dense membranes, the gas transport consists of three major steps as 
illustrated in the figure below: (1) gas sorption from upstream at the membrane 
surface, (2) gas diffusion across the membrane and (3) gas desorption at the 
downstream side.   
 
 
Fig. 2.2 Schematic representation of concentration profile of gas across a membrane 
 
In the absence of gas-polymer interaction, molecule transport phenomenon for 
solution-diffusion mechanism follows the Fick’s Law [6], an equation indicating the 









   
        (2.3) 
where J is the gas flux (mol.cm-2.s-1), D is the diffusion coefficient (cm2s-1) and 
dLdC /  indicates concentration changes along the membrane cross section. For 





             (2.4) 
where Ci denotes the upstream concentration, Cf indicates the downstream 
concentration and L the membrane thickness as illustrated in Fig 2.2. At steady state, 
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the concentrations obey the Henry’s Law: 
pSC statesteady 
    
         (2.5)  
where S is solubility coefficient (cm3.cm-3/cmHg) and p is the partial pressure (cmHg) 




)( 21              (2.6) 
It is clearly shown that the flux relates to the difference in the partial pressure of the 
gases and inversely proportional to the membrane thickness.   
 
2.1.3 Molecular Sieving 
Different from Knudsen diffusion and solution-diffusion, molecular sieving is 
achieved only based on the size discrimination between the gas penetrants through 
ultramicropores with a diameter less than 7 Å. It is the main diffusion mechanism for 
inorganic membranes [2].  
 
Table 2.2 The diameters and critical temperatures of common gases 






He 2.60 2.55 5.2 
H2 2.89 2.83 33.3 
O2 3.46 3.47 154.6 
N2 3.64 3.80 126.2 
CH4 3.80 3.76 190.7 
CO2 3.30 3.94 304.2 
C2H4 3.90 4.16 282.5 
C3H6 4.50 4.68 364.2 
C3H8 4.30 5.12 369.9 
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This type of membranes usually has high permeability due to high diffusion rate 
while the selectivity highly depends on the size ratio of the gas molecules to the 
ultramicropores diameters [7]. The diameters of gas molecules can be estimated as 
kinetic diameters depending on molecular sieve measurement or obtained as 
Lennard-Jones diameters based on their viscosities. The determined diameter values 
and critical temperatures of common gases are listed in Table 2.2. The critical 
temperature defines the condensability of gas molecules. More details will be 
elaborated in Section 2.2.4. 
 
2.2 Terminology in gas transport 
When different gases permeate through a rubbery membrane, for the first time back 
in 1831, different penetration rates were observed [8]. To understand how membrane 
works, the following sections will focus on the membrane permeability, selectivity, 
solubility and diffusivity.  
 
2.2.1 Permeability 
The permeability of a penetrant A, PA, is a unit flux that a membrane allows certain 
gas molecule (gas A) to pass through, which is normalized with factors such as 
pressure, temperature and membrane thickness L. Permeation happens as a result of 
the difference in the chemical potential across the membranes, which means in most 
cases the driving force for permeation is the difference in gas concentration or the 










              (2.7) 
where NA is molar flux of penetrant A. The unit for permeability PA is Barrer, 1 
Barrer = 1×10-10 cm3(STP)·cm/(cm2·s·cmHg) =  3.348×10−19 kmol m/(m2s Pa), with 
STP stands for standard temperature (273.15K) and an absolute pressure of 100 kPa.  
 
2.2.2 Diffusivity and solubility 
According to Fig. 2.2, a concentration (pressure) gradient exists across the 







DN          (2.8) 
where DA is the diffusion coefficient of A, wA is the weight fraction of A, Np is the 
polymer flux relative to the fixed coordination system and is usually set to zero. 
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            (2.10) 

























      (2.11) 



















          (2.12) 
When the upstream pressure and concentration are much higher than the downstream 
pressure and concentration, respectively, combining Eq. 2.5 and Eq. 2.11 results in 
the expression for permeability:  
AAA SDP               (2.13) 
 
Generally, the solubility coefficient S is mainly influenced by (i) the condensability 
of the penetrant, (ii) the free volume of the polymer, and (iii) the interaction between 
the penetrant and the polymer; while diffusion coefficient D is determined by (i) the 
size and shape of the penetrant, (ii) the free volume and free volume distribution of 
the polymer, and (iii) the chain flexibility of the polymer [2]. 
 
2.2.3 Selectivity 
Selectivity is the ratio of permeation rates for different gases across the membrane. It 
















          (2.14) 
where BA / denotes the ideal selectivity, while SA/SB and DA/DB are solubility 
selectivity and diffusion selectivity, respectively. Several examples of permeability 





Table 2.3 Permeability coefficients and selectivity of CO2 over N2 of several 
polymers. 
 Temperature Permeability (Barrer) Selectivity 
Polymer (oC) CO2 N2 
22 / NCO
  
PDMS 25 3240 300 10.8 
Nature rubber 25 99.6 6.12 16.3 
Ethyl cellulose 25 113 3.0 22.6 
Poly(vinylidene chloride) 30 0.029 0.005 29.0 
 
2.2.4 Fractional free volume and dual-mode sorption 
When cooling down from above Tg, glassy polymers possess unrelaxed free volume, 
Vf, at its non-equilibrium state because of the less mobile backbones formed by their 
rigid chains. The actually specific volume, Vg, inside the glassy polymer is the sum 
of its Vf plus its equilibrium specific volume Vo, i.e., 
fog VVV               (2.15) 
 
 
Fig. 2.3 Specific volumes of glassy and rubbery polymers 
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Because of the excess volume of glassy polymer as shown in Fig 2.3 and Fig 2.4, the 
sorption isotherms of glassy polymers is often expressed as a dual-mode sorption as 
a combination of sorption at both the equilibrium dense site (which follows Henry’s 
Law) and unrelaxed free volume site (Langmuir type sorption). Therefore the total 








         (2.16) 
where CD and CH refer to the concentrations of Henry’s Law mode and Langmuir 
mode hole-filling, respectively. kD is the Henry’s Law constant, p is the pressure, 
'
HC  represents the Langmuir capacity constant and b is the affinity constant.  
 











        (2.17) 
where SD and SH stand for the solubility coefficient at Henry’s sorption site and 
Langmuir sorption site, respectively. 
 
 
Fig. 2.4 Schematic drawing of three sorption isotherms 
 
33 
2.2.5 Factors influencing the gas transport 
2.2.5.1 Penetrant size and condensability 
Smaller penetrants can usually diffuse faster inside the membrane, where the 





AAA fD               (2.18) 
where Af  is the frequency and A  stands for the jump length. As presented in 
Fig. 2.5, the diffusive jumps of penetrants depend on the available space or gaps. 
Therefore the diffusivity can also be expressed with a correlation with the van der 







D                (2.19) 
Where A  and   are polymer-dependent parameters and Vc is the critical volume 
or the size of penetrant A. 
 
Fig. 2.5 Schematic illustration of diffusion process in polymer. 
 
Besides the size, the condensability of penetrants also affects the solubility. The 
condensability is closely related to the penetrant’s critical temperature, Tc, or 
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Lennard-Jones force constant. The Tc’s of different gases are listed in Table 2.2 
before. CO2 with Tc of 304.2K is more soluble than light gases such as He, H2, N2, 
CH4 and O2. Since both solubility and diffusivity influence the transport of 
penetrants, effective separation of two gases like H2/CO2 or CH4/N2 can be 
challenging when the two factors compete with each other. 
2.2.5.2 Polymer fractional free volume and chain mobility 
From Fig. 2.3 above, the size of the gap as well as the flexibility of the gap play 
crucial role in penetrant’s transport. The intrinsic free space inside the polymer is 









            (2.20) 
Where oA  is a pre-factor, fV  is the average free volume,   is an adjustable 
parameter to avoid double counting of free-volume elements in this theory and V* 
refers to the size of penetrates [9]. Apparently, the diffusivity coefficient increases 
when free volume increases, which leads to higher permeability. 
 
The rigidity or chain mobility of polymer is another factor that influences the 
diffusivity coefficient. Flexible bonds such as –O– and –CH2– have low energetic 
barriers for intra-segmental bond rotation, therefore introducing such groups into 
polymer backbones can enhance the torsional mobility. On the contrary, adding rigid 
linkages such as aromatic groups or other bulky side groups could induce higher 
intramolecular barriers [10]. Besides lower torsional mobility, having some rigid 
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groups may also increase the chain-chain cohesive energy density because of their 
polarity, which reduces the diffusivity [11]. 
2.2.5.3 Operation temperature and pressure 
Both the diffusion of small gas molecules as well as the gas solubility inside the 
polymer are thermally related to temperature changes and can be correlated with 










            (2.22) 
Where Do and So are constant, ED stands for activation energy of diffusion, ΔHS 
represents the partial molar enthalpy of sorption, which combines the enthalpy of 
both mixing and condensation of penetrants. ED is usually positive and is determined 
by the cohesive energy density and chain mobility of polymers, while ΔHS can be 
either positive or negative. Generally, ED is larger than |ΔHS|, indicating temperature 
plays a stronger rule in diffusion than in sorption. Combining Eq. 2.21, Eq. 2.22 and 




PP Po              (2.23) 
where Ep is the activation energy of permeation and Ep = ED + ΔHS. 
 
Under high pressure, the gas sorption usually decreases as demonstrated by the 
dual-mode model. Therefore the gas sorption behaviour may deviate from Henry’s 
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Law. Flory-Huggins equation is introduced to correlate the performance of 
condensable gas [12]: 
2)1()1(lnln           (2.24) 
where α refers to the penetrant activity which equals to penetrant pressure in contact 
with polymer divided by the penetrant’s vapour pressure of ideal gases,   is the 
volume fraction of penetrants inside the polymer and is the interaction parameter of 
Flory-Huggins.  
2.2.5.4 Molecular sieving materials 
As mentioned earlier, size discrimination is the major separation principle in 
molecular sieving materials where solubility coefficient plays a less important role. 
Similar to the diffusion in polymers, a gas molecule also makes a diffusive jump 
from one space to the next available cavity as shown in Fig. 2.6. This process is 
affected by the average diffusive jump length A  as well as the activation entropy 









eD            (2.25) 
Where Sd stands for the activation entropy of diffusion, kB and h are Boltzmann 
constant and Planck constant, respectively. Combing Eq. 2.21 and Eq. 2.25, the 
diffusivity selectivity of gas A to B is related to both the activation energy of 
diffusion and the activation entropy of diffusion. 
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Fig. 2.6 Schematic drawing of diffusion process in molecular sieving materials. 
 
 
2.3 Ionic liquid based membranes for carbon capture 
Besides the conversional glassy and rubbery membranes, several relatively new 
membrane materials were developed based on room temperature ionic liquids (RTILs). 
RTILs are organic salts that remain in the liquid state at ambient temperature. In 1999, 
Blanchard et al. first reported that CO2 has a relatively high solubility in 
1-butyl-3-methylimidazolium hexafluorophosphate ([bmim][PF6]) [14]. Subsequent 
studies from the same group revealed that RTILs comprising fluoroalkyl-containing 
anions exhibited high CO2 solubility [15].  
 
Because RTILs also possess high thermal stability, negligible vapor pressure and 
non-flammable characteristics, they have been considered as a new generation green 
material [16, 17]. Since then, a new research direction of gas separation using various 
ionic liquids was initiated. Although the majority are with imidazoles, alkylamines or 
phosphines groups [18], there are numerous (approximately 1018) anion-cation 
combinations for generating useful ionic liquids which provide vast choices for this 
type of material [19]. Some common cations and anions constituting RTILs are 





Fig. 2.7 Examples of anions and cations involved in RTILs. Reproduced from Ref. 
[20], copyright @ 2011 Elsevier B.V. 
 
Supported ionic liquid membranes (SILMs) were proposed to take advantage of 
specific ionic liquids that have high CO2/N2 or CO2/CH4 selectivities [21]. Besides 
gas separation, SILMs can also be used for a wide range of applications, such as the 
separation of organic compounds, vapour mixtures and metal ions, or other 
analytical and electrochemical applications. Three methods are applied in preparing 
SILMs based on direct immersion, pressure or vacuum. Immersion process allows 
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the membrane to soap up ionic liquid by direct contact. Pressure and vacuum 
methods force ionic liquids to flow into the polymer pores with the aid of a pressure 
difference. The nature of the substrate also plays an essential part in the membrane 
performance. For example, both Nylon and Mitex-based RTIL membranes were 
fabricated [22]. But Nylon is a hydrophilic polyamide while Mitex is a hydrophobic 
polytetrafluoroethylene, the absorption and thus the use of hydrophilic RTIL was 
limited with Mitex. Typical examples and performance of SILMs are listed in the 
Table below. In general, [emim][BF4], [emim][dca] and [emim][CF3SO3] have high 
CO2 permeability, good CO2/N2 selectivity and moderate CO2/CH4 selectivity. But 
applying SILMs still faces challenges such as long-term stability under extreme 
conditions because RTILs with high viscosities tend to be immobilized on the 
surface or external layer of the membranes instead of deep inside the pores [23]. 
 
Table 2.4 Ideal and mixed-gas separation performance of several SILMs 
 
CO2 CO2 CO2/CH4 CO2/N2 
ILs Permeability permeance Ideal Mixed-gas Ideal Mixed-gas 
[emim][BF4] 968 3.5 22 27 44 - 
[emim][dca] 1237 2.36 23 24 57 - 
[emim][CF3SO3] 1171 4.88 18.5 22 40.5 - 
[CF3SO3] with PVDF support 2.35 - 24 - - 
[emim][Tf2N] 1702 5.58 12.2 17 23 21.2 
[C6mim][Tf2N] 1136 4.85 8.5 9.9 15 - 
[bmim][BETI] 991 - 9.9 - 16.7 12.2 
 
To overcome the immobilization and stability problems of SILMs, polymerizable 
ionic liquids (PILs) were proposed for CO2 sorption in 2005 [24], followed by studies 
on gas separation [25, 26]. Tang et al. first studied the CO2 absorption capacity of 
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imidazolium-based PILs including poly[1-(4-vinylbenzyl)-3-butylimidazolium 
tetrafluoroborate] (poly[VBBIm][BF4]) and poly[VBBIm][PF6], and later 
tetraalkylammonium-based PILs, including poly[p-vinylbenzyltrimethylammonium 
tetrafluoroborate] and poly[2-(methacryloyloxy)-ethyl] trimethylammonium 
tetrafluoroborate. They found the latter group of PILs have higher CO2 sorption. 
However, in comparison with their liquid analogues, PILs have smaller free volume, 
less mobility and subsequently reduced gas permeability. Increasing the N-alkyl 
substituent length is one way to enhance the permeability but the improvement is 
restrained. In 2008, the PIL/RTIL system which contains free RTILs within the PILs 
was invented to enhance the permeability [27]. Recent studies also showed that the 
permeability of this system could be further improved without sacrificing CO2/N2 or 
CO2/CH4 selectivity when the loading of free ionic liquids increases [28, 29]. 
 
2.4 PIM-based membranes for gas separation 
Budd and McKeown were the pioneers working on a new class of polymers with 
“sites of contortion”, and reported a kind of solution-processable polymers of 
intrinsic microporosity (PIMs, selected structures are shown in Fig. 2.8). This class 
of materials usually possesses rigidly kinked ladder-like repeating units where two 
planar aromatic rings are connected by a spiro-carbon centre [30]. Such kind of 
configuration ensures that these polymers will not experience large conformational 
changes unless their chemical bonds were broken. “PIM-1” was designated for an 
archetypal polymer with one of the simplest structures of the PIMs family. It consists 
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of interconnected mircopores with sizes of less than 2 nm and large accessible 
surface area [31], high fractional free volume (FFV), good thermal and chemical 
stability [32]. It is also soluble in dichloromethane (DCM), tetrahydrofuran (THF), 
chloroform, o-dichlorobenzene and chlorobenzene.  
 
 
Fig. 2.8 The chemical structures of PIM-1, PIM-2 and PIM-7. 
 
PIM-1 has a high CO2 permeability and moderate to good selectivity for CO2/CH4 
and CO2/N2 gas pairs [33]. The common gas permeability of PIM-1 follows CO2 > 
H2 > He > O2 > CH4 > N2. The gas sorption and permeation properties of PIM-1 
have been studied in detail by several groups and its sorption behaviour agrees with 





coefficients of PIM-1, which were calculated from the experimentally measured 
permeability and solubility coefficients using Eq. 2.13, are significantly higher than 
the diffusion coefficients of most glassy polymers such as polycarbonate, PSF, 
polyimide, etc [34]. The gas transport properties of PIM-1 and PIM-7 are shown in 
the following Table and Figure. 
 
Table 2.5 Common gas transport properties of PIM-1 and PIM-7 [35]. 
 
Gas P(Barrer) D (10−8 cm2 s−1) S (10−3 cm3 cm−3 cmHg−1) 
2/ NX
  
PIM-1 O2 370 81 46 4 
 N2 92 22 42 - 
 He 660 2700 2.4 7.2 
 H2 1300 1700 7.6 14 
 CO2 2300 26 880 25 
 CH4 125 6.8 180 1.4 
PIM-7 O2 190 62 31 4.5 
 N2 42 16 26 - 
 He 440 900 5 10 
 H2 860 1100 8 20 
 CO2 1100 21 520 26 
 CH4 62 5.1 120 1.5 
* The data are for measurements at 200 mbar feed pressure at 30 oC. 
 
 
Fig. 2.9 Gas separation of PIM-1 (■), PIM-7 (▲) and other polymers (○) for (a) 
O2/N2 and (b) CO2/CH4. The solid line is Robeson’s 1991 upper bound. Reproduced 
from Ref. [35], copyright @ 2005 Elsevier B.V. 
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Besides the intrinsic properties, this material also has tunable structure which can be 
modified with functional groups. In order to further improve its selectivity, 
especially for CO2/CH4 and CO2/N2, various post-synthetic modifications have been 
conducted, which enables PIM-1 to possess additional functional groups, such as 
carboxylate, thioamide, aromatic nitrile or diamines groups [36-39]. PIM-1 with 
those pendant substituents exhibited lower permeability but slightly increased or 
comparable selectivity. Cross-linking PIM-1 by either a nitrene reaction in the 
presence of diazide cross-linker or through the thermal treatment of carboxylated 
PIM-1 helped increase the CO2/N2 selectivity and reduce the plasticization at 
elevated CO2 partial pressures [40, 41]. Polymer blending with polyimide was 
another direct way to enhance PIM-1’s selectivity, but the miscibility and resulted 
permeability were largely affected by blending materials [42]. In addition, syntheses 
of new monomers (with different unit lengths or spiro-centre angles) and 
incorporation of other polymer structures (polyimide, spiro-bischromane, tetrazoles) 
inside the monomers were also investigated to obtain PIMs with higher selectivity 
[43-45]. Table 2.6 summarizes the gas transport properties of several PIM-1 based 
polymers with different modifications [46]: (i) adding pendant substituent on the 
backbone with (a) trifluoromethyl groups, (b) sulfone-based groups and (b) 
carboxylic acid groups; (ii) employing units with different lengths, such as (a) 
thianthrene and (b) ethanoanthracene; (iii) modifying the spiro or twist centres 
angles; (iv) cross-linking with diazides to reduce plasticization at elevated CO2 
pressure; (v) incorporating other structures such as (a) polyimides (PI), (b) 
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spiro-bischromane structure, and (c) [2+3] cycloaddition of tetrazoles. 
Table 2.6 The gas transport properties of PIMs and PIM derivatives [46]. 
 Polymeric membranes PCO2 PN2 PCH4 CO2/N2 CO2/CH4 
 PIM-1 (methanol treated) 11200 610 1160 18.4 9.6 
 PIM-1 2300 92 125 25 18 
 PIM-7 1100 42 62 26.2 17.7 
i (a) TFMPSPIM1 731 33  22 
 (b) DSPIM1-33 1408 88  16 
  DSPIM2-33 1077 52  20.7 
  DSPIM3-33 2154 93  23 
 (c) C-PIM-1h 2543 162  15.7 
  C-PIM-2h 2058 99  20.8 
  C-PIM-3h 1056 48  22 
  C-PIM-4h 620 24  25.8 
 ii (a) TOTPIM-100 3056 190  16.1 
  DNTOTPIM-50 3065 172  18 
 (b) Cardo-PIM-1 430 13 22 33 19.5 
iii DNPIM-50 2627 132  19.9 
 iv Cross-linked PIM-1/azide1 (80:20) 580 32  18.1 
  Cross-linked PIM-1/azide2 (80:20) 219 8  27.4 
 v (a) PIM-PI-1 1100 48 77 22.9 14.3 
 PIM-PI-2 210 9 9 23.3 23.3 
 PIM-PI-3 520 23 27 22.6 19.3 
 PIM-PI-4 420 16 20 26.3 21 
 PIM-PI-7 510 19 27 26.8 18.9 
 PIM-PI-8 3700 161 260 23 14.2 
(b) PIM-CO15 2000 83 130 24.1 15.4 
 PIM1-CO15-75 2570 110 180 23.4 14.3 
 PIM1-CO15-50 4600 210 370 21.9 12.4 
 PIMCO1-CO15-50 5400 240 350 22.5 14.3 
 PIMCO2-CO15-50 5300 260 430 20.4 12.3 
 PIMCO6-CO15-50 3800 170 280 22.4 13.6 
 PIMCO19-CO15-50 3400 150 260 22.7 13.1 
 PIM-CO19 6100 320 580 19.1 10.52 
(c) TZPIM-2 3076 101  30.5 
  TZPIM-1 2509 87  28.9 
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2.5 ZIFs-based inorganic membranes and MMMs 
As a subclass of MOF, zeolitic imidazolate frameworks (ZIFs) have drawn 
considerable attention in gas sorption and separation. ZIFs consist of M-Im-M 
structure, where M stands for metal and Im for imidazolate linker. The angle of 
M-Im-M structure is similar to that of Si-O-Si (145o) therefore they have zeolite-type 
tetrahedral topologies.  
 
 
Fig. 2.10 Schematic structure of various types of ZIFs. Reproduced from Ref. [47], 
copyright @ 2014 Royal Society of Chemistry. 
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In addition to the high porosity, tailorable structure (as showed in Fig. 2.10), tunable 
aperture size and good affinity with polymers, ZIFs also exhibit excellent chemical 
resistance and thermal stability. Pristine ZIF membranes can be fabricated from 
direct synthesis, secondary seed growth, various seeding protocols (hot support 
seeding, fast in situ seeding, reactive seeding, etc) or contra-diffusion [48-51]. 
Several ZIFs have promising gas separation performance that makes them potential 
candidates to serve the industries’ interest. Thornton et al. have conducted simulation 
to analyse some ZIFs of interest as shown in the following figure [52]. Many of them 
have excellent CO2/light gas and H2/light gas selectivity, ZIF-8, ZIF-77 and ZIF-90 
have attractive CO2/CH4 separation and ZIF-8, ZIF-71 and ZIF-90 have attractive 
O2/N2 separation. Some ZIFs can also be applied in C3H6/C3H8 separations. 
 
 
Fig. 2.11 Prediction of ZIFs gas separation performance of CO2/CH4 and O2/N2 
against Robeson upper bound, with comparison with experimental data. Reproduced 
from Ref. [52], copyright @ 2012 Royal Society of Chemistry. 
 
Similar to other inorganic materials, the fabrication of defect-free ZIFs in large scale 
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is very difficult, the membranes are often brittle and the production cost is high. The 
first ZIF-based MMM was reported in 2010 with ZIF-8/Matrimid [53]. The gas 
permeability and H2/CO2 selectivity increase after adding ZIF-8 inside. Various 
ZIF-based MMMs and their main applications in gas separation are summarized in 
Table 2.7 below [51, 54]. Although the incorporation of ZIFs into polymers shows 
improvement in some gas pair selectivities, the interaction between ZIF particles and 
polymer interface is not well understood. Besides, higher loadings of ZIFs may 
introduce defects inside the system. More fundamental studies in this field is needed 
to fabricate better MMMs with proper choices of ZIFs/polymers. 
 
Table 2.7 Current ZIFs-based MMMs and their major separations [51, 54]. 
Polymers  ZIFs Applications 
6FDA-DAM ZIF-8 C3H6/C3H8 
6FDA-DAM ZIF-90 CO2/CH4 
6FDA-DAM/DABA ZIF-8 CO2/N2 
6FDA-durene ZIF-8, ZIF-71 H2/CH4, O2/N2, CO2/N2 
6FDA-durene/DABA ZIF-8 C3H6/C3H8 
Matrimid 5218 ZIF-8, ZIF-90 H2/CH4, H2/CO2, CO2/CH4 
Matrimid 9725 ZIF-8 CO2/N2, CO2/CH4 
Pebax 1657 ZIF-7 CO2/CH4 
PEES ZIF-8 O2/N2, H2/N2 
PIM-1 ZIF-8 CO2/N2, O2/N2 
Polybenzimidazole (PBI) ZIF-7, ZIF-8, ZIF-90 H2/CO2 
Polyetherimide Ultem 1000 ZIF-8, ZIF-90 CO2/N2, CO2/CH4 
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3.1.1 Polymers and solvents 
1-vinylimidazole (≥99%), 1-bromobutane (99%), lithium bis(trifluoromethane- 
sulfonimide) (LiNTf2, 99.95%), 1-ethyl-3-methylimidazolium tetrafluoroborate 
([emim][BF4], ≥97.0%), 1-Ethyl-3-methylimidazolium chloride ([emim]Cl, 98%), 
1-hydroxycyclohexyl phenyl ketone (99%) and N,N’-methylene bis(acrylamide) 
(99%) were purchased from Sigma-Aldrich. 1-ethyl-3-methylimidazolium 
tetracyanoborate ([emim][B(CN)4]), N-methyl-2-pyrrolidone (NMP, >99.5%) and 
methanol (99.99%) were procured from Merck Chemicals.  
 
The PIM-1 monomers 2, 3, 5, 6-tetrafluoroterephthalonitrile (TFTPN, 99%) and 5, 5’, 
6, 6’-tetrahydroxy-3, 3, 3’, 3’-tetramethyl-1, 1’-spirobisinadane (TTSBI, 97%) were 
purchased from Matrix Scientific and Alfa Aesar, respectively. Chemicals such as 
hydrochloric acid (HCl, 37.5%), tetrahydrofuran (THF, 99.99%), hexane (99.9%) and 
Chloroform (99.98%) were purchased from Fisher Scientific. Anhydrous potassium 
carbonate (K2CO3, >99.5%) was obtained from Sigma-Aldrich and used as-received. 
Ultem 1010 was purchased from GE plastics. All chemicals were applied as received 
without further treatment 
 
3.1.2 ZIFs synthesis agents 
2-methylimidazole (99%), zinc nitrate hexahydrate (98%), zinc acetate dehydrate 
(ACS reagent, 98%) and 4,5-dichloroimidazole (99%)  were purchased from 
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Sigma-Aldrich. N,N-dimethylformamide (DMF, HPLC grade) was obtained from 
Fisher Scientific. All reagents and solvent were used as received with no further 
purification. 
 
3.2 Polymer syntheses 
3.2.1 Synthesis of polymerizable room temperature ionic liquid 
The [vbim][NTf2] and [emim][NTf2] were synthesized based on previously reported 
procedures [1]. For the synthesis of [vbim][NTf2], as illustrated in Fig 3.1, 10 g 
1-vinylimidazole (106.26 mmol) and 16.016 g 1-bromobutane (116.88mmol) were 
mixed in isopropanol and kept constantly stirring for 24 h at 40 oC. The obtained 
product was extracted by the hydrophobic ethyl acetate to remove the unreacted 
agents including the 1-vinylimidazole and 1-bromobutane for five times, dried 
through a rotary evaporator and placed overnight in a vacuum oven at 50 oC. This 
intermediate was then reacted with equimolar LiNTf2 for another 24 h at 40 
oC to 
form [vbim][NTf2], which was later washed with deionized (DI) water twice, dried 
through a rotary evaporator and a vacuum oven, and stored in a refrigerator for later 
experiments. The [emim][NTf2] was synthesized following the similar procedures, 
where [emim]Cl was reacted with LiNTf2 [1]. 
 
Fig. 3.1 Synthesis procedure of the [vbim][NTf2] 
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3.2.2 Synthesis of PIM-1 
The synthesis of PIM-1 was followed by the reported methods and shown in Fig 3.2 
[2, 3]. TFTPN was purified by sublimation through vacuum at 130 oC, and TTSBI 
was purified by re-crystallization using methanol. NMP was distillated before 
application. Purified TFTPN, TTSBI and K2CO3 were prepared based on the 
stoichiometric ratio of 1: 1: 2 and mixed in anhydrous NMP. The reaction was 
conducted at 60 oC with vigorous stir under N2 atmosphere for 18 hrs. Obtained 
product was then precipitated with MeOH, washed with 0.1 wt% HCl aqueous 
solution to remove K2CO3. The collected polymer was further washed by deionized 
water three times to remove HCl and the catalyst residual. This final product was 
dried at 120 oC under vacuum for one day. The PIM-1 yield based on this method is 
estimated to be 90%.  
 
 
Fig. 3.2 The synthetic route of PIM-1 
 
3.3 ZIFs nanoparticles syntheses 
3.3.1 Synthesis of ZIF-8 nanoparticles 
The synthesis of ZIF-8 followed established procedures [4], where 2.93 g zinc nitrate 
hexahydrate (Zn(NO3)2∙6H2O) was dissolved in 200 ml methanol and 6.48 g 
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2-methylimidazole was dissolved in 200 ml methanol separately. The former 
solution was rapidly poured into the latter solution, and the mixture was then kept 
for one hour under vigorous stirring. The synthesized product was separated from the 
resultant solution through centrifugation (12,000 rpm), washed twice with fresh 
methanol and stored in methanol for later use. The as-synthesized ZIF-8 methanol 
suspensions are estimated to have a ZIF-8 concentration at 1.69 g/100 mL. 
 
3.3.2 Synthesis of ZIF-71 nanoparticles 
For ZIF-71, zinc acetate dehydrate (0.743 g, 4.0 mmol) was dissolved in 150 mL of 
DMF and the solution was slowly added into 150 mL 4,5-dichloroimidazole (dcIm) 
(2.192 g, 16.0 mmol) solution in DMF [5, 6]. The mixture was under continuous 
stirring for 18 hours before being collected by centrifugation. The particles in wet 
stage were undergone solvent exchange with chloroform. 
 
3.4 Fabrication of flat sheet membranes 
3.4.1 PIL/ZIF-8 dense membranes 
To synthesise PIL/ZIF-8 composite membranes via UV polymerization, four samples 
of 0.95 g as-synthesized [vbim][NTf2] were each mixed with 0.05 g 
N,N’-methylenebis (acrylamide) and 0.01 g 1-hydroxycyclohexyl phenyl ketone. 
The N,N’-methylenebis(acrylamide) performed as a crosslinker, while the 
1-hydroxycyclohexyl phenyl ketone functioned as a photo initiator. Different 
amounts of ZIF-8/methanol suspensions were then added into the mixtures during 
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the membrane preparation with targeted ZIF-8 concentrations varying from 0 wt%, 
10 wt%, 20 - 25 wt%. The samples underwent rotary evaporation to distillate extra 
methanol until white gel-like fluids were obtained. The RTIL/ZIF-8 mixtures were 
then placed on a piece of silicon wafer with a quartz plate covered on top of the 
samples. The UV polymerization was subsequently conducted for 60 minutes as 
shown in Fig. 3.3. Free standing membranes were formed and placed in a vacuum 
oven at 55 oC for 72 h to remove any methanol residual. 
 
 
Fig. 3.3 Scheme of synthesizing PIL/ZIF-8, where [vbim][NTf2], crosslinker, photo 
initiator and ZIF-8 methanol suspension were mixed together and underwent UV 
polymerization. The synthesized membrane sample is transparent (right hand side). 
 
Similarly, the fabrication of PIL/RTIL/ZIF-8 membranes started with the preparation 
of mixtures of polymerizable RTIL and one selected free RTIL. The weight ratio of 
poly (RTIL) to RTIL was fixed at 2, meaning 0.64 g [vbim][NTf2] was mixed with 
0.32g [emim][NTf2], 0.32g [emim][BF4] or 0.32g [emim][B(CN)4]. Moreover, 0.05 
g crosslinker and 0.01 g photo initiator were added into each mixture. Different 
amounts of ZIF-8/methanol suspensions were poured into the poly (RTIL)/RTIL 
mixtures and aimed at ZIF-8 concentrations in the MMMs at around 0 wt%, 10 wt%, 
20 wt% and 25 wt%. A further increase in ZIF-8 concentration beyond 25 wt% 
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resulted in quite brittle membranes. The as-prepared membranes were 
UV-crosslinked as described earlier. 
 
3.4.2 PIM-1/ZIF-71 flat sheet membranes 
PIM-1 was dissolved in chloroform and stirred overnight. ZIF-71 in chloroform was 
used directly in its wet stage to minimize particle agglomeration. A small portion of 
the PIM-1 solution was first added into a freshly synthesized ZIF-71/chloroform 
mixture to prime the nanoparticles. After stirring for two hours and sonication for 
another 30 min, the rest of the PIM-1 solution was added into the mixture. The 
mixture was kept stirring for another six hours. Flat sheet PIM-1/ZIF-71 membranes 
containing 10, 20 and 30 wt% ZIF-71 loadings were cast and obtained through a 
solvent evaporation method. All membrane samples were dried at 120 oC under 
vacuum overnight. Films with an average thickness of 60 ± 5 µm (measured by a 
Mitutoyo digimatic indicator on 10 various points) were collected for further studies. 
 
Each sample was subsequently exposed to UV irradiation using a 254 nm 
wavelength UV light (Vilber Lourmat Corporation, Marne-la-vallée Cedex1, France). 
The membranes were placed under the UV-bulb for 40 minutes with a distance of 2 
cm [7]. Membranes with different ZIF-71 loadings before the UV treatment were 
denoted as PIM-1, PIM-10ZIF, PIM-20ZIF and PIM-30ZIF, while photo-oxidative 
membranes after the UV treatment were labeled as UV-PIM, UV-10ZIF, UV-20ZIF 
and UV-30ZIF. 
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3.4.3 Ultem/PIM-1 mixed matrix system 
The dense membranes of Ultem/PIM-1 films were obtained by ring casting method. 
Ultem was first dried overnight at 120 oC under vacuum to remove any moisture and 
then dissolved in chloroform, followed by adding up of different amounts of the 
PIM-1 after Ultem was fully dissolved. The mixture was stirred overnight before ring 
casting. Resulted PIM-1 weight percentages inside the Ultem/PIM-1 system reached 
at 5, 10, 20, 30, 50, 70, 80, 90 and 95wt%.  
 
The mixtures were filtrated by the 0.45 µm PTFE membrane filters to remove any 
dust and then casted on petri dish to allow slow evaporation of the solution. Obtained 
membrane films were further dried inside a vacuum oven at 120 oC for one day. The 
membrane thickness was acquired through a Digimatic indicator by averaging ten 
various points. The obtained thickness was in the range of 45 ± 5 µm. 
 
3.5 Co-extrusion of Ultem/PIM-1 dual-layer hollow fibers 
3.5.1 Spinning dope formation  
In formulating spinning dopes, the concentrations of different polymer mixtures 
were first determined. For the porous inner support layer, an Ultem concentration of 
23 wt% was chosen based on our previous experience [8]. For the outer selective 
layer, a 50/50 wt/wt NMP/THF mixture was used as the solvent in order to fully 
dissolve both components as well as to assist faster solvent evaporation in the air gap 
region during spinning.  NMP is a strong solvent to Ultem and has a high boiling 
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point. THF was chosen because it is a volatile solvent and has a high PIM-1 
solubility while it is a non-solvent to Ultem [9]. As a result, the rapid evaporation of 
THF would facilitate the formation of the ultrathin dense-selective layer. 
 
Sufficient chain entanglement is one of the key factors in producing defect-free 
hollow fibers [10]. In order to form the ideal outer layer, the polymer dope has to 
reach certain viscosity. A lower concentration tends to reduce skin thickness and 
results in surface defects and a lower selectivity. As an empirical guide, the optimal 
polymer concentration is at or above its critical concentration [11, 12].  
 
 
Fig. 3.4 The critical concentrations of dopes with different component ratios 
 
Fig. 3.4 shows the viscosity curves of Ultem polymer mixtures with PIM-1 loadings 
at 5, 10 and 15 wt%. The slopes of the curves become sharper beyond certain 
concentration ranges. The concentration at the crossed point of two extrapolation 
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lines of their linear parts is identified as the critical concentration of this polymer 
solution [13, 14]. For the pristine Ultem hollow fiber, the outer layer dope 
concentration was chosen to be above its critical concentration [15, 16]. 
 
3.5.2 Hollow Fiber Spinning  
The well-dissolved dopes were allowed to degas for one day before being poured 
into the ISCO syringe pumps. Nascent hollow fibers were produced through a 
triple-orifice spinneret consisting of 3 channels [17, 18]. The spinning process and 
spinneret design are illustrated in Fig. 3.5 (a) and (b). The bottom side of the 
spinneret, where the dopes extrude, comprises three concentric circles: (1) the 
innermost channel is for the bore fluid containing various NMP/water mixtures, (2) 
the middle channel is for the inner dope consisting of Ultem and (3) the outermost 
circle is for the outer dope comprising Ultem/PIM-1 mixtures. 
 
After being extruded from the spinneret, the nascent fiber was exposed to an air-gap 
region followed by a coagulation bath filled with tap water. The as-spun fibers were 
collected by a take-up roller and immersed in tap water for three days. Solvent 
exchange was performed 3 times in methanol for 1 hr/time and another 3 times in 
n-hexane for 1 hr/time to remove any residual NMP in the fibers. This solvent 
exchange process ensured the formation of an ultrathin selective layer [9,19]. The 




Fig. 3.5 (A) Schematic diagram of the hollow fiber spinning line (B) Side view of 
the spinneret design 
 
Table 3.1 lists the spinning conditions for the pristine Ultem. The bore fluid was 
chosen to be NMP/water (95/5) since high solvent content slows down the demixing 
as well as the precipitation of the inner surface. As observed by Yong et al for 
Matrimid/PIM-1 single-layer hollow fiber membranes [20], the fibers spun from a 
bore fluid concentration of 95 wt% NMP exhibited the most porous support structure 
and minimum gas transport resistance compared to those spun from bore fluids 
consisting of 80 or 50 wt% NMP. Since literatures on Ultem fibers are limited, 
several parameters (i.e., outer-layer dope flow rate, take-up speed and air gap) were 
investigated first to obtain defect-free Ultem fibers. Their O2/N2 selectivity was 
examined to narrow down the workable conditions suitable for spinning 
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Ultem/PIM-1 mixture dopes. More details and rationales will be disclosed in later 
sections.  
 
Table 3.1 The spinning conditions for pristine Ultem dual-layer hollow fibers 
 Hollow Fiber ID UA1 UA2 UB1 UB2 UC1 UC2 UD 
Outer dope composition, wt% Ultem/NMP/THF/LiNO3 (30/34.5/34.5/1) 
Inner dope composition, wt% Ultem/NMP (23/77) 
Bore fluid composition, wt% NMP/water (95/5) 
External coagulant Tap water 
Spinneret dimension (mm) dual-layer 1.6 no indent 
Spinning temperature (℃) 25±2 
Outer dope flow rate (ml/min) 0.6 0.6 0.6 0.6 0.6 0.6 0.4 
Inner Dope flow rate (ml/min) 3.5 3.5 3.5 3.5 3.5 3.5 3.5 
Bore flow rate (ml/min) 1.5 1.5 1.5 1.5 3 3 1.5 
Air gap (cm) 7 7 10 10 4 4 10 
Take-up speed (m/min) 16.2 21.8 21.8 27.3 21.8 27.3 21.8 
 
3.6 Membrane characterizations 
3.6.1 Measurement of density and FFV 
The densities of all membranes were measured with the help of a Mettler Toledo 
analytical balance ML204 and a density kit ML-DNY-43 (Zurich, Switzerland). The 
sample density was calculated based on Eq. 3.1 in accordance with the Archimedean 









 )(        (3.1) 
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Where M , air  and liq  (g/cm3) are the densities of the MMM, air and applied 
liquid (i.e., hexane), respectively. Mair and Mliq represent the measured membrane 
weights in air and liquid, separately. The measurement was conducted at 23.9 oC (lab 
temperature). 
 





              (3.2) 
where V is the specific volume calculated from the measured density; V0 is the volume 
occupied by the polymer and can be calculated from the relationship between V0 and 
the van der Waals volume as showed in Eq. 3.3 [21]. 
V0 = 1.3Vw                 (3.3) 
The van der Waals volume is obtained through Bondi’s group contribution method 
[22]. For the Ultem/PIM-1 system, the van der Waals volumes of Ultem/PIM-1 
mixtures could be estimated using Eq. 3.4.  
 Vw = n1Vw1 + n2Vw2            (3.4)  
where n1, n2 and Vw1, Vw2 refer to the mole fractions and van der Waals volumes of 
PIM-1 and Ultem , respectively. For a postulated homogenous Ultem/PIM-1 mixture, 
its FFV can be estimated from Eq. 3.5 [23]. 
221112 FFVFFVFFV             (3.5) 
where FFV1, FFV2, and FFV12 refer to the fractional free volumes of the component 1, 
2 and the polymer mixture, respectively.   
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3.6.2 Thermal gravimetric analysis (TGA) 
TGA was conducted using a TGA 2050 Thermogravimetric Analyzer (TA Instruments) 
to analyse the weight percentage of ZIF-8 and ZIF-71 within each membrane. The 
weight loss of polymers can also reflect the thermal properties of the membranes. 
Samples were heated up to 800 oC under purified air environment with a constant 
heating rate of 10 oC/min. The purge gas was purified air and its flow rate was 
controlled at 30 ml/min.  
 
3.6.3 Fourier transform infrared spectroscopy (FTIR)  
The chemical bonds in organic components can be determined by FTIR. An 
FTIR-8400 (Shimadzu Corp., Japan) was employed with a scan range from 400 to 
4000 cm-1. Both transmission mode and attenuated total reflection mode (ATR) were 
applied to study the chemical structure. 
 
3.6.4 Scanning electron microscopy (SEM) and field emission scanning electron 
microscope (FESEM) 
The morphologies of PIL/ZIF-8, PIM-1/ZIF-71 MMMs and Ultem/PIM-1 hollow 
fibers were observed using a field emission scanning electron microscopy (FESEM), 
JSM-6700F. The samples were immersed and fractured in liquid N2 to obtain the 
cross-sectional view. The fractured samples were coated by a JEOL JFC-1300 Auto 
Fine Coater (Pt target, 20 mA for 50 s) prior to loading into the FESEM chamber. 
Mapping of zinc element of ZIF-8 inside RTIL was conducted using an 
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energy-dispersive X-ray spectroscopy (EDX) apparatus along with the SEM, JEOL 
JSM-5600LV. 
 
3.6.5 Differential scanning calorimetry (DSC) 
The glass transition temperatures (Tgs) of the MMMs were obtained through 
differential scanning calorimetry (DSC) (Mettler Toledo DSC 822e, Columbus, OH) 
with a heating rate of 10 °C/min. Samples with weights of 7 ~ 8 mg were prepared. 
The Tg values were taken from the second heating run. 
 
3.6.6 Atomic Force Microscopy (AFM) 
Surface images of the membrane films were obtained by the atomic force microscopy 
(AFM, Bruker Dimention ICON). The phase separation between two polymer 
components may induce larger roughness, which could be detected by AFM through 
tapping mode. All samples were vacuum dried before testing. 
 
3.6.7 Polarized light microscopy (PLM) 
The miscibility between the two components inside Ultem/PIM-1 was investigated by 
an Olympus BX50 polarized light microscope (PLM) and a camera. The images 
recorded by PLM were further analysed by Image-Pro Plus 3.0. 
 
3.6.8 Gel permeation chromatography (GPC) 
The molecular weight of synthesized PIM-1 was characterized using gel permeation 
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chromatography (GPC). The Waters GPC system consists of a Waters 1515 iscoratic 
HPLC pump, a Waters 717 plus autosampler and a Waters 2414 refractive index 
detector. Polystyrene standards were used for calibration with HPLC grade THF as 
the solvent for PIM-1 as well as the mobile phase. The samples were conducted at a 
mobile phase flow rate of 1 mL/min with the testing temperature of 35 oC. The 
concentration of the sample was 1 mg/ml, and the injection volume of each sample 
was 100 μL. 
 
3.6.9 Wide-angle X-ray diffraction (XRD) 
The as-synthesized ZIF-8, ZIF-71 particles and selected membranes were 
characterized by an XRD (Bruker, D8 series, General Area Detector Diffraction 
System (GADDS) with a Cu Kα X-ray source (wavelength: 1.54 Å). 
 sin2dn 
           
(3.6) 
where n denotes an integer (1,2,3, … ), λ represents the X-ray source wavelength, d 
stands for the intersegmental spacing between polymer chains (d-spacing) and θ is the 
XRD angle of respective peaks. 
 
3.6.10 Positron annihilation spectroscopy (PAS) 
To investigate the structural changes near the membrane surfaces, PAS was applied. 
PAS is a powerful analytic method in measuring the physical properties of free 
volumes at the molecular level. It is a non-destructive evaluation technique that 
utilizes positron to probe polymer free volume with a size range of 0.2-2 nm [24]. 
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When positron (e+) annihilates with electrons, the total energy of annihilating e+–e- 
may trigger the emission of γ-rays, which will be detected by the PAS sensor [25]. In 
this current study, Doppler broadening energy spectra (DBES) coupled with a 
mono-energetic positron beam was utilized for detecting structural changes. The 
schematic illustration of PAS is shown in Fig. 3.6. 22Na with 50mCi was used as the 
radioactive source. Positrons emitted from the source were moderated in a tungsten 
mesh and went through the E×B filter. Only slow positrons with lower energy could 
go through the shielding’s hole. This slow positron beam is then accelerated by a 
mono-energy accelerator ranging from 0 keV to 27 keV with 29 energy levels and 
incident on the sample. A γ-ray detector is placed behind the sample. A counting rate 
of approximately 2000~3000 cps was used to record DBES, and 1.0 million of the 
total counts were collected for each spectrum. One of the DBES parameters, S 
parameter, was used to analyse the free volume change near the membrane surface 
[26]. A larger S parameter value represents a larger free volume. 
 
 
Fig. 3.6 Schematic drawing of PAS. Reproduced from Ref. [27], copyright @ 2012 
National University of Singapore  
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3.7 Permeation measurements 
3.7.1 Pure gas permeation measurements 
To evaluate the gas transport properties of membranes, single and mixed gas 
permeability tests were performed with a constant volume permeation cell as shown 
in Fig 3.7 and Fig. 3.8. The permeation chamber consists of an upstream reservoir to 
store the feed gas, a downstream volume to store the accumulated permeated gases 
[28]. In between, a membrane was mounted inside the permeation cell. The upstream 
volume serves as a buffer reservoir to maintain a stable and desired pressure. The gas 
permeated through the membrane will be collected by the downstream volume, which 
gives rise to a pressure change along with time. The downstream pressure was 
measured by a Baratron 627B pressure transducer with a full scale of 10 torr (1 torr = 
0.133 kPa) purchased from MKS instrument (Andover, MA, USA). The readings 
reflected on the computer will be used for permeability calculation. 
 
Pure gas permeation tests were conducted for He, O2, N2, CH4, CO2. The permeation 
tests were carried out at 35 oC and 3.5 atm (1 atm = 101.325 kPa) for single gas and 
a total pressure of 7 atm for mixed gas. All samples were dried at 120 oC under 
vacuum overnight before tests. After the upstream was pressurized and stabilized, the 
increase in downstream pressure was recorded to calculate the membrane 
























Fig. 3.7 Schematic drawing of the gas permeation test chamber. Abbreviations: US: 
upstream; INT-DS: internal downstream; DS: downstream. Modified from Ref. [28], 
copyright @ 2005 Elsevier B.V. 
 
P refers to the permeability in Barrer (1 Barrer = 1×10-10 cm3(STP)·cm/(cm2·s·cmHg) 
=  3.348×10−19 kmol m/(m2s Pa)), Vd stands for the volume of downstream reservoir 
(cm3), L presents for the membrane thickness (cm), A signifies the effective 
membrane area (cm2), T stands for the operating temperature (K) and P1 indicates the 
upstream feed pressure (psia). The ideal selectivity of gas A to gas B is calculated as 








              
(3.8) 
 
3.7.2 Mixed gas permeation measurements 
Mixed gas permeation properties of selected membranes investigated with binary 
CO2/CH4 or CO2/N2 mixtures (50/50 mol% or 30/70 mol%), depending on the 
experiments. The permeation tests were carried out at 35 oC and a total pressure of 7 
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atm for mixed gas. The permeability of each component can be determined by Eq. 















































     
(3.10) 
where x and y symbolize the molar fractions of respective gas on the feed and the 
permeate sides, respectively. 
2CO
  and 
4CH
 are the fugacity coefficients of upstream 
gases. The composition of the mixed gas in the permeate side was detected by gas 
chromatography (GC) as shown in the figure below. 
 
 
Fig. 3.8 Schematic drawing of the gas permeation test chamber for mixed-gas tests. 
Modified from Ref. [28], copyright @ 2005 Elsevier B.V. 
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3.7.3 Membrane sorption measurement 
The pure gas solubility was determined by the dual-volume pressure decay method 
by a home-made sorption cell [29]. As illustrated in Fig. 3.9, polymer sample was 
placed inside Cell 1. The whole system was vacuumed overnight before testing. A 
certain amount of gas was introduced into Cell 2 while the Valve 1 (V1) was kept 
close. The pressure inside Cell 2 was recorded. V1 was opened and closed quickly. 
Gas expanded into Cell 1 was partially absorbed by the polymer sample. After 
reaching equilibrium, the final pressures of Cell 1 and Cell 2 were recorded by 
pressure transducer 1 and 2, respectively. The amount of absorbed gas can then be 
calculated. The pressures were measured by MKS 750 B transducer (MKS 
Instruments, Andover, MA, USA). A PDR-C-2C readout from MKS was applied to 
supply the power and display the pressure. The temperature of the system was 
maintained by a water bath (Techne FTE-10DE, Techne Cambridge Ltd, UK). 
 
 
Fig. 3.9 Schematic drawing of the gas sorption test chamber 
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3.7.4 Hollow fiber module preparation and permeance measurements 
8~10 fibers with an average length of 16 cm were potted into one flat metallic 
hollow holder and glued by a regular epoxy resin with their ends open. The other end 
of the fibers was sealed by a using quick curing epoxy [14, 30]. The 
pressure-normalized fluxes of the modules were tested in the order of N2, O2, CH4 
and CO2 at ambient temperature with a transmembrane pressure of 300 kPa (3 bar). 
The design of the module and hollow fiber permeation cell are illustrated in Fig. 3.10. 












         (3.11) 
 
where P/L is the permeance in GPU (1 GPU = 1 × 10−6 cm3 (STP)/cm2 s cmHg), T is 
the testing temperature (K), Q refers to the gas flux (cm3/s), n is the number of fibers 
in one module, OD presents the outer diameter (cm), l is the effective length of the 
module (cm) and Δp refers to the pressure difference across the fiber (cmHg). 3~4 
modules were prepared for each spinning condition and their averaged results were 
reported here. Mixed gas tests were conducted on Ultem/PIM-1 fibers comprising 10 
and 15 wt% PIM-1 by using a mixed gas of CO2/CH4 (50/50 mol%) with a CO2 
partial pressure of 300 kPa (3 bar). The flowrate ratio of sweep gas to feed was 




Fig. 3.10 The design of the testing chamber for hollow fiber modules 
 
The idea selectivity of the membranes, A/B, was calculated as the ratio of the 








A/B              (3.12) 
 
Since it is difficult to measure the exact thickness of the dense selective layer in 
hollow fibers, the thickness of the active layer is estimated according to Eq. 3.13 











          (3.13) 
where l denotes the apparent selective layer (Å), P stands for the permeability in the 
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Chapter Four  
  





















The fabrication of defect-free MMMs with appropriate adhesion between polymers 
and molecular sieves is not a trivial task [1]. The voids as well as rigidified interface 
between the organic and inorganic components affect the separation performance 
significantly. Gas molecules usually bypass the sieves and transport directly through 
the voids and polymer matrix, while chain rigidification and pore blocking often take 
place to reduce the overall gas permeability [2, 3]. In light of the aforementioned 
situation, MMMs that comprise both polymerizable and free RTILs, and 
nanoparticles were proposed to improve the membrane performance. Contemporary 
research on PILs based MMMs is relatively limited. To the best of our knowledge, 
only PILs/SAPO-34 and PIL/RTIL/SAPO-34 zeolite MMMs have been investigated 
for CO2 separation before this study [4, 5]. With the unique fluidity and charge 
characteristics of RTILs, Hudiono et al. were able to demonstrate that RTILs can 
behave like a wetting agent in PILs/zeolite-based MMMs and mitigate the 
aforementioned issues [4, 5]. A similar observation has been found in polymer 
blends comprising poly(vinylidene fluoride) (PVDF) and a RTIL, 1-ethyl-3- 
methylimidazolium tetracyanoborate ([emim][B(CN)4]), where the optical 
observation confirmed the heterogeneous nature of these mixtures, while their gas 
transport properties followed the Maxwell predictions [6].  
 
Recently, we have developed MMMs consisting of ZIF nanoparticles and 
polybenzimidazole (PBI) polymer and found that the incorporation of ZIF particles 
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significantly enhances both solubility and diffusion coefficients [7, 8]. ZIFs belong 
to a subgroup of metal-organic frameworks (MOFs) with excellent chemical and 
thermal stability [9] and there is a belief that MOFs may have better affinity and 
interaction with polymeric materials [10]. These positive factors inspired us to 
examine the MMMs made of polymerizable and free RTILs together with ZIFs for 
pre-combustion and post-combustion CO2 capture from CO2/CH4 and CO2/N2 
streams. So far, Ultem/ZIF-8 and Matrimid/ZIF-8 have been studied [11, 12].  Both 
systems maintain CO2/N2 selectivity values at around 30, while their CO2 
permeability values were generally below 100 barrers.  
 
ZIF-8 (Zn(2-methylimidazole)2) with the accessible cavity diameter of 3.4 Å was 
chosen in this study because it has a proper pore size for CO2/N2 separation and its 
basic physicochemical properties have been intensively studied [13, 14]. Fig. 4.1(A) 
illustrates its structure. A polymerizable RTIL (1-vinyl-3-butylimidazolium bis- 
(trifluoromethanesulfonyl)imide, referred to as P[vbim][NTf2]) was used as the 
polymer matrix, while three different kinds of RTILs were employed as “free” ionic 
liquids. The three free RTILs are composed of 1-ethyl-3-methyl imidazolium cation 
([emim]) with various anions such as (1) tetrafluoroborate ([emim][BF4]), (2) bis 
(trifluoromethanesulfonyl) imide ([emim][NTf2]) and (3) tetracyanoborate ([emim] 
[B(CN)4]). Fig. 4.1(B) shows their structures.  
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Fig. 4.1 (A) Structure of ZIF-8 with labeled elements. N: blue; C: gray; Zn: light 
blue; methyl: green and H: white. Reproduced with permission from [15], copyright 
@ 2009 American Chemical Society. Fig.4.1(B) Structures of cations and anions 
used in this study: a) [vbim]+, b) [emim]+ c) [NTf2]
¯, d) [BF4]
¯ and e) [B(CN)4]
¯. 
 
The selections of [vbim][NTf2] and [emim][NTf2] as the PIL and a free RTIL, 
respectively, were due to the fact that the imidazolium groups tend to have excellent 
intrinsic CO2 solubility [16, 17],  whereas the anion [NTf2]
- is well known for its 
inherent CO2 affinity and relatively high accessibility [18, 19]). The [emim][BF4] 
was selected since it is one of the most accessible and commercially available RTILs 
[20, 21]. The [emim][B(CN)4] was chosen due to its superior ability in dissolving 
CO2 [22].  It was highly ranked as one of the best RTILs in CO2 separation with an 
estimated permeability over 2300 barrers and CO2/N2 selectivity over 45 [6].  
 
4.2 Results and Discussion 
4.2.1 Characterizations 
TGA was performed to measure the actual ZIF-8 loadings in these MMM systems. 
Fig. 4.2 shows typical TGA curves of the P[vbim][NTf2]/[emim][NTf2]/ZIF-8 
system comprising 10 wt%, 20 wt% and 25 wt% ZIF-8 as examples. Zinc oxide 
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(ZnO) is the sole residual in the form of white powder after 660 C. When back 
calculating ZIF-8 loadings according to ZnO residual weights, the actual ZIF-8 
weight percentages in these samples are 9.9 wt%, 18.8 wt% and 23.7 wt%, which 
represent the real concentrations of ZIF-8 in these particular samples. The obtained 
ZIF-8 weight percentages of all samples are listed in Tables 4.1 and 4.2. 
 
Fig. 4.2 Determination of ZIF-8 weight percentage through TGA. 
 
Table 4.1 Permeability and selectivity of ZIF-8 and PIL/ZIF-8. 
 ZIF-8 
loading  
Permeability (Barrer)  Selectivity  
N2 CH4 CO2  CO2/N2  CO2/CH4  
ZIF-8*  
 
997.6  698.9  2819.6  2.8  4.0  
P[vbim][NTf2]/ 
ZIF-8  
0 wt%  4.9  7.8  101.0  20.6  12.9  
8.9 wt%  6.5  10.2  127.6  19.6  12.5  
18.9 wt%  10.2  16.6  198.8  19.5  12.0  
*The permeability of ZIF-8 is estimated from previous study [23].  
 
Field emission scanning electron microscopy (FESEM) was performed to view the 
membrane surface as illustrated in Fig. 3. Comparing with the membrane surface of 
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P[vbim][NTf2]/[emim][NTf2] (i.e., a PIL/RTIL without ZIF-8 nanparticles), the ZIF-8 
nanoparticles are uniformly dispersed on the surface of the 
P[vbim][NTf2]/[emim][NTf2]/ZIF-8 membrane. The surface image of the MMM 
sample comprising 23.7 wt% ZIF-8 does not vary much. Its image is therefore not 
shown. Instead, a low magnitude (×10,000) of the [vbim][NTf2]/[emim][NTf2]/ZIF-8 
membrane containing 18.8 wt% ZIF-8 is included for a macroscopic comparison of 
particle distribution. As shown in Fig. 4.3D, ZIF-8 nanoparticles and PIL/RTIL are 
well blended. All other MMM systems also exhibit similar FESEM images, indicating 
ZIF-8 nanoparticles are randomly and uniformly distributed in these systems. 
 
 
Fig. 4.3 FESEM images of membrane surfaces of the P[vbim][NTf2]/[emim] [NTf2]/ 
ZIF-8 system with ZIF-8 weight percentages at (A) 0, (B) 9.9, (C) 18.8 wt% at 
×50,000 magnitude and (D) 18.8 wt% at ×10,000 magnitude. 
88 
The EDS image of Zn distribution across the membrane cross-section was also 
conducted, as illustrated in Fig. 4.4 for the P[vbim][NTf2]/[emim][BF4]/ZIF-8 
system. Since the Zn locations are corresponding to the locations of ZIF-8 
nanoparticles, the EDS image re-confirms that the Zn element (or ZIF-8) is 
uniformed distributed across the membrane. 
 
Fig. 4.4 SEM images of (A) membrane cross section and (B) selected EDS zinc 
elemental mapping obtained from the same region of the membrane cross section.  
  
4.2.2 Gas permeability in the P[vbim][NTf2]/ZIF-8 system 
Table 4.1 summarizes the pure gas permeability of P[vbim][NTf2]/ZIF-8 for N2, CH4 
and CO2. The permeability values of pure ZIF-8 and respective RTILs membranes 
were obtained either directly or estimated from literature data. Briefly, the 
permeability of pure [emim][BF4] and [emim][NTf2] was from Ref. [24], while the 
permeability of [emim][B(CN)4] and ZIF-8 was estimated from previous papers 
[25-27]. As shown in Table 4.1, membranes exhibit a continuous increase in 
permeability with increasing ZIF-8 loading. Interestingly, all membranes with 
enhanced permeability do not show much sacrifice in gas pair selectivity. The 
CO2/N2 and CO2/CH4 selectivity of P[vbim][NTf2]/ZIF-8 maintains almost around 
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20 and 12, respectively. Fig. 4.5 compares their performance with the 2008 Robeson 
upper bound. The slight decrease in selectivity might be caused by the loading of 
ZIF-8 because it has intrinsically low CO2/N2 and CO2/CH4 selectivity.  
 
Fig. 4.5 The selectivity of (A) O2/N2  and (B) CO2/CH4 for the PIL/ZIF-8 system 
with ZIF-8 loadings of 0 wt%, 8.9 wt% and 18.9 wt%. ▲P[vbim][NTf2]/ ZIF-8 
selectivity data, ● ZIF-8 permeability/selectivity data. 
 
4.2.3 Prediction of permeability 
Two approaches were utilized to estimate the permeability coefficients of the mixed 
matrix systems; namely, the semi-logarithmic addition and the Maxwell equation. 
For homogenous PIL/RTIL systems, the semi-logarithmic addition [28] expressed in 
Eq. 4.1 is employed:  
2211 lnlnln PPP               (4.1) 
 where  is the volume fraction and subscripts 1 and 2 refer to the two components. 
This equation has been proved for many polymer systems including PIL/RTIL [29, 
30].  
 
The Maxwell equation is suitable to predict the physiochemical properties of 
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heterogeneous systems where particles are randomly dispersed in other continuous 
phases [31]. It was extended to predict gas separation performance of MMMs as 















        (4.2) 
where PMMM stands for the effective permeability of the MMM, PC and PD refer to 
the permeability of the continuous phase and the dispersed phase in the blend 
membrane, respectively, and D represents the volume fraction of the dispersed 
phase.  
 
Since P[vbim][NTf2] and the chosen ionic liquids form miscible blends, the PC value 
can be calculated from Eq. 4.2 using their permeability, while  and D can be 
calculated from the densities of different membrane portions and ZIF-8 weight 
fractions acquired from TGA. The densities of P[vbim][NTf2], pure [emim][NTf2], 
[emim][BF4], [emim][B(CN)4] as well as ZIF-8 are available in literatures [21, 27, 
29, 33, 34]. Table 4.2 tabulates the calculated D  values as a function of ZIF-8 
weight fraction and PIL/RTIL systems. To further confirm the accuracy, the density 
of each MMM sample was measured by a density meter as well. As shown in the last 
two columns of the same Table, the measured density data are in close proximity to 
the predicted ones. The differences are within experimental errors, which indicates 
well mixing among P[emim][NTf2], free RTILs and ZIF-8 in the MMMs. 
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wt% φD Predicted Measured 
pure ZIF-8 - - 0.95*  - 
P[vbim][NTf2]/ZIF-8  0 0 1.56*  1.57 
8.9 0.138 1.48 1.49 
18.9 0.276 1.39 1.40 
pure [emim][NTf2] - - 1.52*  - 
P[vbim][NTf2]/[emim][NTf2]/ZIF-8 0 0 1.55 1.55 
9.9 0.145 1.46 1.47 
18.8 0.243 1.38 1.38 
23.7 0.288 1.35 1.36 
pure [emim][B(CN)4] - - 1.03*  - 
P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8  0 0.000 1.33 1.34 
9.9 0.128 1.28 1.29 
20.0 0.233 1.23 1.22 
25.8 0.277 1.21 1.20 
pure [emim][BF4] - - 1.28*  - 
P[vbim][NTf2]/[emim][BF4]/ZIF-8  0 0.000 1.45 1.45 
 
10.1 0.138 1.38 1.39 
 
19.7 0.238 1.32 1.31 
 
26.4 0.296 1.28 1.29 
*The density values are obtained from literatures [21, 27, 29, 33, 34] 
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4.2.3.1 P[vbim][NTf2]/ZIF-8 system 
Fig. 4.6 shows a comparison of permeability between the Maxwell prediction 
(dash-dotted lines) and pure gas data of P[vbim][NTf2]/ZIF-8 which does not 
comprise free ionic liquids. The two sets of data overlap each other and exhibit good 
agreement between the predicted and experimental data. Not only does it indicate 
excellent mixing between ZIF-8 nanoparticles and P[vbim][NTf2]/, but also confirm 
suitability of using the Maxwell equation for this heterogeneous system. As displayed 
in the same figure, the permeability of P[vbim][NTf2]/ZIF-8 is improved to twice as 
much as the initial value when ZIF-8 content reaches near 20 wt%, while CO2/N2 and 
CO2/CH4 selectivity values show little changes and stay almost constant around 20 
and 12, respectively. However, membrane samples comprising 25 wt% ZIF-8 or more 
become too fragile to be tested for permeability. 
 
 
Fig. 4.6 A comparison between the Maxwell prediction (dash-dotted lines) and 
experimental data of pure gas permeability for P[vbim][NTf2]/ZIF-8. 
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4.2.3.2 P[vbim][NTf2]/[emim][NTf2]/ZIF-8 system and P[vbim][NTf2]/[emim] 
[B(CN)4] /ZIF-8 system 
Table 4.3 shows the variations of permeability and selectivity when incorporating 
ZIF-8 into the P[vbim][NTf2]/RTIL systems comprising free RTILs such as 
[emim][NTf2] and [emim][B(CN)4]. The addition of ZIF-8 nanoparticles enhances 
membrane permeability for all gases. 
 
Table 4.3 Permeability and selectivity of PIL/RTIL/ZIF-8. 
 ZIF-8  Permeability (Barrer)  Selectivity  
 loading N2  CH4  CO2  CO2/N2  CO2/CH4  
P[vbim][NTf2]/ 
[emim][NTf2]/ZIF-8  
0 wt%  12.7  20.3  300.1  23.6  14.8  
9.9 wt%  17.4  28.2  367.1  21.1  13.0  
18.8 wt%  30.6  48.0  623.2  20.4  13.0  
23.7 wt%  35.3  57.3  693.6  19.6  12.1  
P[vbim][NTf2]/ 
[emim][B(CN)4]/ZIF-8  
0 wt%  12.2  23.2  365.4  29.9  15.8  
9.9 wt%  26.1  51.2  734.9  28.2  14.4  
20.0 wt%  36.3  66.2  907.4  25.0  13.7  
25.8 wt%  43.9  86.1  1062.4  24.2  12.3  
P[vbim][NTf2]/  
[emim][BF4]/ZIF-8  
0 wt%  7.6  13.6  233.2  30.7  17.1  
10.1 wt%  7.7  14.7  241.3  31.3  16.4  
19.7 wt%  10.2  17.8  294.1  28.8  16.5  
26.4wt%  11.7  20.5  340.0  29.1  16.6  
 
The CO2 permeability of P[vbim][NTf2]/[emim][NTf2] increases from 300.13 to 
693.56 barrers with the incorporation of 23.7 wt% ZIF-8. Similarly, the CO2 
permeability of P[vbim][NTf2]/[emim] [B(CN)4] jumps from 365.39 to 1062.38 
94 
barrers, about a 3-fold increment, with the embedding of 25.8 wt% ZIF-8. On the 
other hand, the CO2/N2 and CO2/CH4 selectivities of the P[vbim][NTf2]/ 
[emim][NTf2]/ZIF-8 system fall from 23.67 to 19.64, and from 14.77 to 12.10, 
respectively. Similarly, the CO2/N2 and CO2/CH4 selectivities drop from 29.94 to 
24.20, and from 15.76 to 12.34, respectively, for the P[vbim][NTf2]/[emim] 
[B(CN)4]/ZIF-8 system. On average, gas-pair selectivity decreases about 19 % from 
its original data. These drops in selectivity are caused by the increasing ZIF-8 
loading since ZIF-8 itself is not as selective toward CO2 as RTILs. Fig. 4.7 plots the 
gas separation performance against the 2008 Robeson upper bound. The separation 
performance of MMMs apparently moves toward the upper bound if the ZIF-8 
loading is in the range of 10-20 wt%. 
 
 
Fig. 4.7 Double logarithmic plots of CO2/N2 and CO2/CH4 for ▲ P[vbim][NTf2]/ 
[emim][NTf2]/ZIF-8 and ● P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8. 
 
Fig. 4.8 compares the experimental values with the Maxwell prediction by assuming 
the P[vbim][NTf2]/RTIL as the continuous phase and ZIF-8 as the dispersed phase.  
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Fig. 4.8 A comparison between the Maxwell prediction (dash-dotted lines) and 
experimental data of pure gas permeability tests for (A) P[vbim][NTf2]/[emim] 
[NTf2]/ZIF-8 and (B) P[vbim][NTf2]/[B(CN)4]/ZIF-8. 
 
For both P[vbim][NTf2]/[emim][NTf2]/ZIF-8 and P[vbim][NTf2]/[emim][B(CN)4] 
/ZIF-8 systems, the experimental values are slightly higher than the Maxwell 
predictions. This might be due to the additional free volume contributed by the free 
RTILs together with ZIF-8 nanoparticles. Studies have shown that nanoparticles can 
disrupt polymeric chain packing, hence increasing the free volume [35, 36]. Another 
possible reason is due to nanoparticle intercalation [7]. In other words, a small 
portion of ZIF-8 nanoparticles may agglomerate together, thus gas molecules 
preferentially diffuse through the particle channels instead of the hypothetical 
uniformly-constructed heterogeneous system. As shown in Fig. 4.3, the apparent 
particle packing of ZIF-8 is quite high even at the loading of 9.9 wt%. Some ZIF-8 
nanoparticles may therefore pack together and form partially continuous diffusion 
paths even though the majority of ZIF-8 nanoparticles are randomly distributed 
within the system. As a consequence, the ideal Maxwell calculation may 
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underestimate the resultant permeability contributed by additional free volume and 
intercalation effects. 
 
More noticeable differences can be observed between the experimental data and the 
Maxwell prediction for the P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 system than the 
P[vbim][NTf2]/ [emim][NTf2]/ZIF-8 system. This may arise from several factors. 
Firstly, [emim][B(CN)4] has a 30% higher CO2 solubility than [emim][NTf2] owing 
to its comparatively weaker H-bonding [22, 27]. As a result, the former may have a 
much quicker and larger volume expansion during gas sorption, as pointed out by 
Babarao et al. in their CO2 sorption modelling and molecular simulation [22]. The 
volume expansion of free RTILs could affect the overall free volume expansion in 
these P[vbim][NTf2]/RTIL/ZIF-8 systems and therefore enhance gas transports. 
Secondly, the combination of fine ZIF-nanoparticles, fluidity and volume expansion 
of [emim][B(CN)4] may shift this free ionic liquid to be a continuous phase in the 
P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 system. As a result, the semi-logarithmic 
addition is no longer fully valid to estimate the PC value for the Maxwell equation.  
 
To prove our hypotheses, Fig. 4.9 compares the gas permeability of CO2, CH4, and 
N2 using two different schemes of modelling. Scheme 1 estimates PC by the 
semi-logarithmic addition, then calculates PMMM by the Maxwell equation. Scheme 2 
estimates PC by the Maxwell equation with P[vbim][NTf2] as the continuous phase, 
then substitutes it into the Maxwell equation again to calculate PMMM. Scheme 3 
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estimates PC by the Maxwell equation with RTIL as the continuous phase, and 
calculates PMMM with the Maxwell equation. Interestingly, the permeability gap 
between experimental data and predicted values by Scheme 1 increases, while that 
between the experimental data and Scheme 3 decreases with an increase in ZIF-8 
content. Clearly, there are fundamental shifts in microstructure and phase 
morphology with an increase in ZIF-8 content. The compatibility between 
P[vbim][NTf2] and [emim][B(CN)4] seems to sacrifice because of possibly 
physicochemical interactions between [emim][B(CN)4] and ZIF-8 nanoparticles. 
Thus, P[vbim][NTf2]/[emim][B(CN)4] turns from a homogenous phase towards a 
more heterogeneous system with the incorporation of ZIF-8 nanoparticles.  
 
 
Fig. 4.9 A comparison of permeability vs. ZIF-8 content for p[vbim][NTf2]/ 
[emim][B(CN)4]/ZIF-8 using different models: (A) CO2 only and (B) CH4 and N2.  
 
Fig. 4.10 illustrates the hypothetic morphology of the three schemes and elucidates 
their possible gas transport paths. Scheme 1 possesses a high permeability because 
P[vbim][NTf2]/RTIL is the continuous phase, while Scheme 2 has a low permeability 
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since P[vbim][NTf2] is the continuous phase. Scheme 3 has the highest permeability 
amongst the three because it has RTIL as the continuous phase and intercalation of 
nanoparticles may occur with an increase in ZIF-8 loading. 
 
Fig. 4.10 Schematic drawing of different cases of the P[vbim][NTf2]/RTIL/ZIF-8 
system with different continuous phases:  
(A) P[vbim][NTf2]/RTIL, (B) P[vbim][NTf2] and (C) RTIL. 
 
 
To further confirm our hypothesis, FTIR measurements are conducted as shown in 
Fig. 4.11A. In comparison with the obtained FTIR features for pure [emim][B(CN)4] 
and ZIF-8 nanoparticles, the peaks of the mixture [emim][B(CN)4]/ZIF-8 does not 
show observable shifts or variation. The overlapping of the peaks proves that there is 
no chemical interaction that might change the structures of either or both 
components. Fig. 4.11B illustrates the Tg changes of the P[vbim][NTf2]/ 
[emim][B(CN)4]/ZIF-8 system. Initially the Tg value of the P[vbim][NTf2]/[emim] 
[B(CN)4] without ZIF-8 nanoparticles is measured at around -60±1°C. When 25.8 wt% 
ZIF-8 particles were added inside the system, the Tg value shifts to -81±1°C. The Tg 
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value of pure [emim][B(CN)4] was reported to be -82±2°C [37]. It could be 
anticipated that the system undergoes some physical changes and becomes more 
heterogeneous as the ZIF-8 concentration increases.  
 
Fig. 4.11 The (A) FTIR spectra and (B) Tg curves of the [emim][B(CN)4]/ZIF-8 and 
the P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 systems, respectively. 
 
Another possible hypothesis was proposed by Hudiono et al., who have also studied 
the gas transport properties of their PIL/RTIL/SAPO-34 system [4, 5]. They 
postulated that a certain amount of free RTIL may wrap up the SAPO-34 
nanoparticles as a result of the electrostatic interactions. Therefore, several 
arrangements could exist inside the system: (1) a miscible PIL/RTIL polymer blend, 
(2) ZIF-8 nanoparticles, and (3) liquid-like RTIL that encloses the nanoparticles. In 
our study, the Tg results further proves the presence of free RTIL ([emim][B(CN)4]) 
in this P[vbim][NTf2]/RTIL/ZIF-8 system. As the ZIF-8 loading increases, the 
distances amongst them are reduced and a certain portion of dispersed free RTIL 
phases would merge into a continuous phase. In this case, the P[vbim][NTf2]/RTIL/ 
ZIF-8 MMMs will have a higher permeability due to the intrinsic high permeability 
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of the pure [emim][B(CN)4]. In reality, both hypotheses may occur simultaneously. 
Not only do they both increase heterogeneousness but also gas permeability. The 
differences between the experimental and the predicted data are not so noticeable in 
the P[vbim][NTf2]/[emim][NTf2]/ZIF-8 system. A highly possible reason is that the 
P[vbim][NTf2] and [emim][NTf2] share more similarity in their molecular structures; 
therefore, the adhesion and the miscibility between these two components is better 
than that between the P[vbim][NTf2] and [emim][B(CN)4].   
 
4.2.3.3 P[vbim][NTf2]/[emim][BF4]/ZIF-8 system 
Table 4.3 also summarizes the gas separation performance of the 
P[vbim][NTf2]/[emim][BF4]/ZIF-8 system as a function of ZIF-8 content. Compared 
to the previous MMMs, its CO2 permeability only increases 50% from 233.2 to 
340.0 barrers with a ZIF-8 loading at 24.6 wt% (Table 4.3) while its selectivity does 
not vary much with ZIF-8 loadings and stays roughly around 30 for CO2/N2 and 16.5 
for CO2/CH4 (Fig. 4.12). In addition, no much improvement in separation 
performance was noticed for the system comprising 10.1 wt% ZIF-8. X-ray 
diffraction (XRD) was therefore employed to investigate the problem.  
 
As illustrated in Fig. 4.13, the crystal structure of ZIF-8 has been changed after the 
fabrication of P[vbim][NTf2]/[emim][BF4]/ZIF-8 MMMs. Compared to other 
systems, the 2θ (degrees) peaks of ZIF-8 at around 7.2 and 10.2 are missing from 
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this particular system. Clearly, the crystal structures at (011) and (002) might have 
been destroyed by the acid environment induced by [emim][BF4] before the UV 
polymerization. A previous study has showed that 0.1M [emim][BF4] in aqueous 
 
 
Fig. 4.12 Double logarithmic plots of (A) CO2/N2 and (B) CO2/CH4 separation for 
the P[vbim][NTf2]/[emim][BF4]/ZIF-8 system as a function of ZIF-8 weight 
percentage. The arrowed dash-dotted lines are to guide eyes. 
 
 
Fig. 4.13 XRD patterns of P[vbim][NTf2]/ZIF-8 and various P[vbim][NTf2]/ 
RTIL/ZIF-8 systems. The bottom XRD peaks represent pure ZIF-8. 
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phase resulted in a pH value of 3.44 [38]. In our study, when 0.32g as-received 
[emim][BF4] was added into 6.5 mL methanol, which is similar to the situation when 
a ZIF-8 suspension of 6.5 mL was mixed with this ionic liquid to obtain a ZIF-8 
weight percentage at 10 wt% (after adding [vbim][NTf2]), the measured pH value 
was acquired at around 5.25±0.04. ZIF-8 has been known to be pH sensitive and its 
structure would collapse in an acidic environment [39]. As a result, ZIF-8 does not 
serve its purpose as molecular sieves in this system. The retained selectivity verifies 
that gas molecules predominantly pass through the PIL/RTIL continuous phase. 
 
4.2.4 Mixed gas permeation tests 
Since the P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 system with a ZIF-8 loading of 25.8 
wt% exhibits the best performance, it was tested by mixed gas pairs CO2/N2 (50/50 
mol%) and CO2/CH4 (50/50 mol%) at 35 °C and 3.5 bar. Table 4.4 lists the results 
and compares them with pure gas data. For the CO2/N2 mixed gas pair, the  
 
Table 4.4 Permeability and selectivity of the P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 
membrane (ZIF-8 at 25.8 wt%) under pure and mixed gas tests 
 Pure gases  CO2/N2  
mixed gas*  
CO2/CH4 
mixed gas*  
Permeability 
(Barrer)  
CO2  N2  CH4  CO2  N2  CO2  CH4  
1062.4  43.9  86.1  865.1  41.3  854.7  74.0  
Selectivity  CO2/N2  CO2/CH4  CO2/N2  CO2/CH4  
24.2  12.3  20.9  11.6  
*Feed gas compositions: CO2/N2 (50/50 mol%) and CO2/CH4 (50/50 mol%).  
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membrane has a CO2 permeability of 906.36 barrers and a CO2/N2 selectivity of 
20.95, while for the CO2/CH4 mixed gas system, its CO2 permeability and CO2/CH4 
selectivity are 928.71 barrers and 11.55, respectively. The slight decreases in 
permeability and selectivity possibly arise from competitive sorption and permeation 
between the two penetrants in the mixed gas systems. 
 
4.3 Summary 
A systematic study was conducted for PIL/ZIF-8 and PIL/RTIL/ZIF-8 MMMs with 
different RTILs and various ZIF-8 weight percentages. The free RTILs used here are 
[emim][BF4], [emim][NTf2] and [emim][B(CN)4]. It is observed that ZIF-8 
nanoparticles are uniformly dispersed inside both PIL and PIL/RTIL systems. The 
gas transport properties of CO2/N2 and CO2/CH4 are much improved by 
incorporating ZIF-8. The permeability values of all systems follow Maxwell 
prediction well, indicating the excellent miscibility between different components. A 
CO2 permeability of over 1000 barrers was obtained from P[vbim][NTf2]/ 
[emim][B(CN)4]/ZIF-8 when the ZIF-8 weight percentage reaches 25 wt%. 
Comparable CO2/N2 and CO2/CH4 selectivities of 24.20 and 12.34 are maintained as 
compared to the pristine P[vbim][NTf2]/[emim][B(CN)4] system. Mixed-gas tests 
were performed for CO2/N2 (50/50 mol%) and CO2/CH4 with this particular MMM. 
The CO2 permeabilities are 906.36 barrers and 928.71 barrers, respectively, with a 
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Chapter Five  
 
PHOTO-OXIDATIVE PIM-1/ZIF-71 FOR OXY-COMBUSTION AIR 





















Compared to many other modification methods such as synthesis of new monomers 
or post-synthetic modifications, ultraviolet (UV) irradiation is a more 
straightforward way to improve the membrane’s selectivity without involving 
additional polymers [1, 2]. Liu et al first demonstrated that UV treatment can also 
help increase PIM-1’s selectivity but its permeability was largely sacrificed [3]. After 
being treated by UV, the CO2/CH4 selectivity of PIM-1 increases from 8.1 to 29.8 
after UV for 30 min, which is a 267% increment, but the CO2 permeability drops 
from 4792 barrers to 636 barrers. Song et al studied the possible mechanisms of 
performance changes and suggested that the oxidizing singlet oxygen and ozone 
generated from oxygen under UV irradiation led to the polymer chain scission. [4, 
Fig 5.1]. The photo-oxidative scission induced the formation of a dense selective 
layer only on the membrane surface as a result of the limited UV penetration depth. 
A UV treatment of 40 minutes was recommended to obtain membranes with 
balanced separation performance.  
 
 
Fig. 5.1 Schematic graph of UV-oxidative chain scission of PIM-1 in the presence of 
O2. Reproduced from Ref. [4], copyright © 2013 Nature Publishing Group. 
 
In order to compensate the loss in gas permeability, MMMs comprising highly 
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porous nanoparticles are proposed in this study. Incorporating MOFs inside 
membranes such as polybenzimidazole, polyimide and ionic liquids may improve 
either or both permeability and gas pair selectivity [5-14].   
 
For PIM-1 based MMMs, the incorporation of racemic CC3 nanocrystals, ZIF-8 and 
Ti exchanged UiO-66 have been investigated [15-17]. In the case of CC3, although 
the resultant MMM had slightly improved gas permeability and CO2/N2 selectivity, 
the improvements were restrained by the intrinsic properties of the nanocrystal [15]. 
For PIM-1/ZIF-8 and PIM-1/Ti-UiO-66 MMMs, aside from the higher permeability, 
the as-cast membranes exhibit marginally improved H2/CH4 separation and better 
CO2/N2 selectivity, respectively [16, 17]. Since PIM-1 itself has a high free volume 
and permeability even after the UV treatment, the preferred nanoparticles for the 
PIM-1 MMMs must have a small particle size and a high intrinsic permeability. As 
illustrated in Fig. 1B [18], ZIF-71 (Zn(4,5-dichloroimidazole)2) meets these 
requirements because of its rhombic structure with an aperture size of 4.2 Å and a 
pore cavity of 16.5 Å. It has been studied extensively in pervaporation [19-22]. 
Because of its large aperture size and pore cavity, Japip et al. fabricated 
6FDA-durene/ZIF-71 MMMs for gas separation and showed a 3-fold increase in 
CO2 permeability when 20 wt% particles were incorporated [7].   
 
In light of the aforementioned advancements, MMMs comprising both 
photo-oxidative PIM-1 and ZIF-71 nanoparticles are our focus to further enhance the 
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gas separation performance of PIM-1 based MMMs. Firstly, the fabrication of 
PIM-1/ZIF-71 membranes with different ZIF-71 loadings will be investigated and 
then their gas transport properties will be analysed. Afterwards those membranes 
will be exposed to UV oxidation to explore their potentials for gas separation, 
especially for O2/N2, CO2/N2 as well as CO2/CH4 gas pairs. 
 
 
Fig. 5.2 The chemical structures of ZIF-71 (Reproduced with permission from Ref. 
[18], copyright @ 2012 Royal Society of Chemistry) 
 
 
5.2 Results and Discussion 
5.2.1 Characterizations 
TGA was conducted to verify the actual ZIF-71 loadings inside PIM-1 membranes. 
Fig. 5.3 displays the TGA curves of the PIM-1/ZIF-71 system comprising 10 wt%, 
20 wt% and 30 wt% nanoparticles. As shown from the TGA data, the membranes are 
thermally stable at up to 350 oC. When approaching 400 oC, the structure of ZIF-71 
starts to decompose. The decomposition of PIM-1 also begins shortly after that. 
There are steeper slopes at around 600 oC, signifying a further removal of ZIF-71 
organic linkers. A similar behaviour was also reported from 6FDA-durene/ZIF-71 
MMMs. [7]. Since zinc oxide (ZnO) will be the sole residue of ZIF-71 after thermal 
oxidation in air, the actual loading of ZIF-71 nanoparticles in a MMM can be back 
calculated according to the ZnO residual weight. The real concentrations of ZIF-71 
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inside these samples are 8.9 wt%, 20.0 wt% and 28.4 wt%, respectively. 
 
 
Fig. 5.3 The TGA curves for PIM-1, PIM-10ZIF, PIM-20ZIF and PIM-30ZIF 
 
Fig. 5.4 displays the FESEM cross-section images of PIM-10ZIF, PIM-20ZIF, 
PIM-30ZIF, PIM-1, UV-PIM and UV-20ZIF membranes near their top surfaces. 
Comparing Fig. 5.4A, 5.4B and 5.4C, , the visual ZIF-71 concentration increases 
with an increase in ZIF-71 loading. The nanoparticles are randomly and uniformly 
distributed across the membranes. Comparing the membrane surface between Fig. 
5.4D and Fig. 5.4E, a dense layer of around 400 nm is observed for UV-PIM. This is 
consistent with the previous observation where a dense layer of 300-450 nm was 
formed after UV treatments of 10-60 min [4]. Fig. 5.4F shows the top surface 
structure of photo-oxidative MMMs comprising 20 wt% ZIF-71 nanoparticles with a 




Fig. 5.4 FESEM images for membrane cross sections near surfaces 
 
Fig. 5.5 (A) displays the XRD spectra of the pristine PIM-1 before and after UV, 
PIM-20ZIF and pure ZIF-71 nanoparticles. PIM-1 possesses apparent peaks at 13.6o 
and 18o that represent d-space values of 6.5Å and 4.9 Å, which correspond to the 
micropores between polymer chains and among efficiently packed chains, 
respectively [23]. Although a change in FFV is expected for UV-PIM because of the 
lower apparent permeability resulting from the UV treatment, UV-PIM doesn’t 
display shifts in its peaks. This is probably due to the fact that the penetration depth 
of XRD measurements is much deeper than the UV densified surface layer, thus the 
signal of the surface layer is too weak to be reflected from the XRD results. 
Comparing to the pristine PIM-1, the bulk of UV-PIM still possesses the same 
d-spaces, indicating there are no changes in polymer packing inside the bulk 
membrane. For ZIF-71, the XRD peaks agree well with previous literatures [19-21].  
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For MMMs, using PIM-20ZIF as an example in Fig. 5.5 (A), no structural changes 
of ZIF-71 nanoparticles were detected after being incorporated into PIM-1. The 
nanocrystals remain intact inside the membrane. Fig. 5.5 (B) displays the XRD 
spectra of PIM-1/ZIF-71 MMMs with various ZIF-71 loadings and photo oxidative 
UV-20ZIF. For pristine MMMs, the peaks corresponding to ZIF-71 are more obvious 
with an increment in its loading. No changes or shifts were observed for 
PIM-1/ZIF-71 after the UV treatment. This reconfirms that the UV induced photo 
oxidation does not alter the crystal structure in the bulk of MMMs. 
 
FTIR was employed to study the chemical structures of pristine PIM-1, ZIF-71, 
PIM-10ZIF, PIM-20ZIF, PIM-30ZIF, UV-PIM and UV-20ZIF. Both FTIR 
transmission and attenuated total reflection (ATR) modes were utilized to determine 
the variations of their chemical bonds as functions of ZIF loading and UV treatment. 
As shown in Fig. 5.6, the peaks from 1500 cm-1 to 600 cm-1 were measured under 
the ATR mode while the peaks from 3800 cm-1 to 1500 cm-1 were obtained by the 
transmission mode since the signal acquired by ATR was weak. The results for 
pristine PIM-1 and ZIF-71 nanoparticles are in agreement with previously reported 
data [4, 24, 25]. For PIM-1, the characteristic peaks are at 2238 cm-1 for C≡N, 1455 
cm-1 for C–H bending within –CH2– and C–CH3 groups (initially on the spiro ring), 
1607 cm-1 for C=C aromatic bending, 1300-1000 cm-1 for C–O stretching. There are 
also C–H stretching within the –CH2– and C–CH3 groups at around 2955, 2930 and 
2840 cm-1 and aromatic C–H stretching at 3055 cm-1 [4]. 
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Fig. 5.5 (A) XRD results for PIM-1 before and after UV, PIM-20ZIF and pristine 
ZIF-71; (B) XRD results for MMMs with various ZIF-71 loading and 20 wt% 
ZIF-71 after UV treatment. 
 
After ZIF-71 was added, similar to XRD results, there were no shifts or 
disappearance of the peaks, but the intensity of ZIF-71 characteristic peaks enhances 
as the particle loading increases. The FTIR spectra of PIM-1 before and after UV are 
essentially the same, but additional O–H stretching is observed at around 3600-3300 
cm-1, which indicates the possible chain scission at the spiro centre [4]. For 
PIM-20ZIF and UV-20ZIF, the spectra of ZIF-71 particles or the interactions 
between ZIF-71 and PIM-1 were not altered by the UV treatment either. Similar O–
H stretching is also observed for UV-20ZIF. 
 
To verify the surface structure of those membranes, PAS analyses were conducted for 
PIM-1 and PIM-30ZIF before and after photo oxidation for comparison. As shown in 
Fig. 5.7, all membranes display different behaviours under PAS measurements. 
Several conclusions can be drawn from the data. Generally, membranes have a higher 
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FFV when ZIF-71 is incorporated inside. This is evidenced by the higher S parameter 
of the bulk of PIM-30ZIF than that of PIM-1. Interestingly, PIM-1 and UV-PIM have 
the same bulk properties (i.e., almost the same S values in the bulk), while PIM-30ZIF 
and UV-30PIM also have similar bulk properties. These indicate that the UV 
treatment doesn’t affect the bulk properties.  
 
 
Fig. 5.6 FTIR and ATR spectra for PIM-1 and PIM-1/ZIF-71 MMMs before and 
after UV treatment 
 
For PIM-1 and PIM-30ZIF, their S parameters increase quickly from 0 to 8 keV 
because of back diffusion effect, indicating their free volumes are similar from the 
surface to the bulk. In contrast, there is a transitional layer between the dense layer 
and the bulk for UV-PIM from 3 to 15 keV and UV-30ZIF from 3 to 21 keV because 
the UV treatment induces a denser surface with a smaller free volume. In addition, 
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compared to UV-PIM, a longer transitional layer of UV-30ZIF is observed possibly 
due to the more porous structure brought by the existence of ZIF-71 that leads to a 
further penetration of the UV light.  
 
Both UV-PIM-1 and UV-30ZIF have dense selective layers at the surface with a 
similar thickness as well. To verify their dense layer thicknesses, the mean 











            (5.1) 
where Z stands for the mean implantation depth in nm, E+ is the incident energy in 
keV and ρ refers to the density of the material in g/cm3 [26].  
 
 
Fig. 5.7 PAS result for PIM-1 and PIM-30ZIF before and after UV 
 
The mean depths of the dense layers of UV-30ZIF and UV-PIM are estimated at E+ 
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equals to 2.5 keV and 3.0 keV from Fig 5.7. The calculated thicknesses are around 
170 nm and 210 nm for UV-30ZIF and UV-PIM, respectively. These values are 
slightly smaller than the FESEM observation because the existence of a gradient 
inside the apparent dense skin layer [4]. In other words, the first ~200 nm inside the 
dense layer is more packed. Since the presence of ZIF-71 nanoparticles ensures the 
dense layer with a higher porosity, UV-30ZIF should have a higher permeability than 
UV-PIM-1. 
 
5.2.2 Gas transport properties in PIM-1/ZIF-71 system 
Table 1 summarizes the pure gas permeability of PIM-1/ZIF-71 for N2, CH4, O2 and 
CO2. The permeability of PIM-1 is comparable with other literatures [3, 4, 27, 28]. 
As shown in Table 5.1, membranes exhibit enhanced gas transport properties when 
the ZIF-71 loading increases without scarifying their gas pair selectivities. The 
O2/N2, CO2/CH4 and CO2/N2 selectivities of PIM-1/ZIF-71 remain at around 3.5, 11 
and 19, respectively. The CO2 permeability of PIM-10 ZIF increases 30% from 3295 
to 4271 Barrers. When 30 wt% ZIF-71 is added inside the membrane, an increase of 
154% in CO2 permeability is observed. Since an increase in particle loadings often 
leads to a lower selectivity because of the creation of non-selective voids between 
the particles and the polymer matrix [5, 7], the stable gas pair selectivities in this 
work suggest that the two components have good compatibility and don’t form voids 
in between, which is evident from the FESEM image as well. Therefore, the 
incorporation of ZIF particles into PIM not only mainly contributes to a higher free 
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volume but also facilitates gas transport without affecting gas pair selectivities. A 
similar phenomenon was also reported on PIM-1/ZIF-8 MMMs [16]. 
 
Table 5.21 The permeability of PIM-1/ZIF-71 system 
  
Permeability (Barrer) Selectivity 
N2 CH4 O2 CO2 O2/N2 CO2/CH4 CO2/N2 
Pristine PIM-1 163.6 322.2 562.2 3294.7 3.4 10.2 20.1 
PIM-10 ZIF 220.5 377.4 802.6 4271.0 3.6 11.3 19.4 
PIM-20ZIF 296.9 498.4 1102.7 5942.0 3.7 11.9 20.0 
PIM-30ZIF 457.1 749.5 1602.2 8377.1 3.5 11.2 18.3 
 
Table 5.2 The CO2 concentrations (3.5 atm and 35 
oC), measured solubility 
coefficients and calculated diffusivity coefficients of MMMs at 35 oC and 1 atm. 
  
CO2 concentration S  D  
(cm3 (stp)/cm3 polymer) cm3(stp)/ (cm3 atm) × 105 cm2/s 
Pristine PIM-1 61.8 29.5 0.0850 
PIM-10 ZIF 59.1 28.5 0.1140 
PIM-20ZIF 57.1 27.4 0.1648 
PIM-30ZIF 54.7 26.7 0.2386 
 
The solubility of these membranes was analysed by a dual-volume sorption cell and 
the results are listed in Table 5.2. The amount of CO2 absorbed was measured under 
3.5 atm and 35 oC. When ZIF-71 loading increases, the sorption ability of MMMs 
decreases. Comparing Li et al. and Japip et al.’s findings [7, 28], ZIF-71 has a lower 
solubility than PIM-1 at low pressure (< 10 atm). Therefore at the testing condition, 
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the concentration of the CO2 is decreasing. Table 5.2 also lists the measured 
solubility coefficient and the calculated diffusivity coefficient (through Eq. 2.14) at 
35 oC and 1 atm. The results show that adding ZIF-71 largely enhances the 
diffusivity of the membrane and marginally affects its solubility. 
 
5.2.3 Prediction of permeability 
The permeability of the system is further analysed by the Maxwell equation, 
especially for cases when particles are randomly dispersed in a continuous phase, as 
shown in Eq. 4.2 in previous chapter. The permeability PD values of pure ZIF-71 are 
estimated from the simulation results [18]. 
  
 
Fig. 5.8 Comparison between the experimental data and Maxwell prediction for 
PIM-1/ZIF-71 
 
As illustrated in Fig. 5.8, the permeabilities of PIM-1/ZIF-71 MMMs at different 
loadings are comparable with the Maxwell prediction for all tested gases, suggesting 
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a homogenous distribution of ZIF-71 particles in these MMMs. In addition to the 
stable selectivities, the overall trend here also indicates good compatibility between 
PIM-1 and ZIF-71, and the formation of non-selective voids was not observed even 
at high particle loadings (e.g.  ≥ 20 wt%).    
 
5.2.4 Gas transport properties in UV-PIM-1/ZIF-71 
After photo oxidation for 40 minutes, the membranes display higher selectivity for 
all gas pairs studied here with reduced permeability. The results summarized in Table 
5.3 also agree with previous literature data [3, 4, 27]. The slight disparity may come 
from PIM-1 itself, which has been reported with various gas transport properties due 
to different solvents used, evaporation methods and thermal histories [28]. In this 
study, the membranes possess a higher CO2/CH4 selectivity than that of CO2/N2, 
which was also observed by other researchers [3, 23].  
 
After incorporating ZIF-71 inside, all MMMs exhibit higher permeabilities without 
compromising their gas pair selectivities. With 10, 20 and 30 wt% ZIF-71 inside, the 
CO2 permeability increases 55%, 106% and 180%, respectively. The CO2/CH4 
selectivity is essentially the same for all membranes at around 35, while O2/N2 and 
CO2/N2 remain above 90% of their intrinsic values. Since the kinetic diameter of N2 
is smaller than that of CH4, the former might be more sensitive to the increment in 
free volume than the latter when ZIF-71 is added inside, thus leads to slightly lower 
O2/N2 and CO2/N2 selectivities.  
123 
Table 5.2 The gas transport properties of PIM-1/ZIF-71 after 40 min UV treatment. 
  
Permeability (Barrer) Selectivity 
N2 CH4 O2 CO2 O2/N2 CO2/CH4 CO2/N2 
PIM-1 (UV 40 min) [4] 42 43 288 1364 6.9 31.7 32.5 
PIM-1 (UV 40 min) [4] 60 59 359 1535 6.0 26.0 25.6 
PIM-1 (UV 30 min) [3] 22.1 21.3 124.4 635.7 5.6 29.8 28.8 
PIM-1 (UV 30 min) [27] 27.7 23.1 189 724 6.8 31.3 26.1 
UV-PIM (this study) 41.4 36.2 276.9 1233.2 6.7 34.1 29.8 
UV-10ZIF 65.5 53.9 426.6 1909.3 6.5 35.5 29.1 
UV-20ZIF 93.6 72.1 599.4 2545.7 6.4 35.3 27.2 
UV-30ZIF 128.8 97.1 807.3 3458.6 6.3 35.6 26.9 
 
5.2.5 Mixed gas separation performance and the upper bound comparison   
Table 5.4 3 lists the performance of PIM-20ZIF and PIM-30ZIF membranes for 
CO2/CH4 separation using 30/70 and 50/50 mole % CO2/CH4 mixed gases as feeds. 
The permeability values for mixed gas tests are fugacity normalized. Both 
membranes exhibit comparable gas transport properties but with a slight decrease in 
gas permeability and selectivity. For PIM-20ZIF, the selectivity drops from 35.3 to 
32.2 and 32.8 for 30/70 and 50/50 mole % CO2/CH4, respectively, while their CO2 
permeabilities drop 13% and 25%, respectively. These performance drops are 
possibly due to sorption competition between the two penetrants in the mixed gas 
tests. 
 
For PIM-30ZIF, the selectivity drops from 35.6 to 28.3 and 28.8 for 30/70 and 50/50 
124 
mol% CO2/CH4, respectively. The CO2 permeability also drops from 3458.6 Barrers 
to 2629.1 and 3020.0 Barrers, respectively, but the former is still above 75% of its 
original value. The higher decrease in selectivity for PIM-30ZIF might be attributed 
from the higher loading of ZIF-71, which has a low selectivity towards CO2/CH4.  
This effect might be more pronounced in MMMs with a higher ZIF-71 loading 
owing to higher competitive sorption in mixed gas tests. 
 




Permeability (Barrer) CO2/CH4 
Selectivity  CO2 CH4 
UV-20ZIF Pure gas 2545.7 72.1 35.3 
 CO2/CH4 (50/50 mol%) 2224.3 67.8 32.8 
 CO2/CH4 (30/70 mol%) 1904.5 59.1 32.2 
UV-30ZIF Pure gas 3458.6 97.1 35.6 
 CO2/CH4 (50/50 mol%) 3020.0 104.8 28.8 
 CO2/CH4 (30/70 mol%) 2629.1 92.9 28.3 
 
Fig. 5.9 compares all gas transport properties with the Robeson’s 2008 upper bound. 
The PIM-1/ZIF-71 MMMs approach the 2008 Robeson upper bound for CO2/CH4 
gas pair and surpasses the upper bound for O2/N2 and CO2/N2 with 20 or 30 wt% 
ZIF-71 inside. After UV treatment for 40 min, all MMMs have separation 
performance above the trade-off lines including their mixed gas data. Clearly, the 





Fig. 5.9 Summary of gas transport properties of PIM-1/ZIF-71 systems before and 
after UV treatment. 
 
5.3 Summary 
Similar to PIL/RTIL/ZIF-8 systems, a series of PIM-1/ZIF-71 MMMs were 
fabricated and their physiochemical and gas separation performance were inspected 
before and after UV treatment. Good compatibility was observed between PIM-1 
and ZIF-71 and all MMMs possess considerably enhanced permeability for O2, N2, 
CH4 and CO2 single gases. The CO2 permeability reaches 8377 barrers when 30 wt% 
ZIF-71 was added. The selectivity values of CO2/N2 and CO2/CH4 remain at 18 and 
11, respectively. After being exposed to UV, a dense layer has formed at the 
membrane surface due to chain scission but no chemical changes in either polymer 
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or particles were observed. The selectivity of PIM-1 and PIM-1/ZIF-71 for all three 
gas pairs (O2/N2, CO2/N2 and CO2/CH4) increase remarkably and the performance is 
placed above Robeson upper bound. PIM-1 with 30 wt% ZIF-71 has O2 and CO2 
permeability of 807 and 3458.6 barrers, respectively, with O2/N2 and CO2/CH4 
selectivity of 6.3 and 35.6. Even for mixed-gas CO2/CH4 (50/50 mol% and 30/70 
mol%) separation, the MMMs still possess CO2 permeability and CO2/CH4 
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Chapter Six  
 






















MMMs consisting of inorganic particles usually face challenges of poor interfaces, 
chain rigidification and partial pore blocking, thus the separation performance is 
often lower than the theoretical prediction [1, 2]. In order to improve the 
performance of polymers, organic fillers can also be applied instead of particles. This 
method is less implemented due to the fewer choices as well as compatibility issue.  
 
Because of the high gas permeability of PIM-1, it had been suggested to apply it as 
an organic filler to improve the permeability of low permeable polymers [3]. Since 
PIM-1 is an organic polymer, blending it with conventional polymers might 
minimize the problems of low compatibility and improve the gas separation 
performance. Yong et al were the pioneers in studying the miscibility and gas 
separation properties of PIM-1/Matrimid blends [4]. They found that PIM-1 and 
Matrimid are partially miscible. The CO2 permeability of Matrimid was increased by 
25% and 77% by just adding 5 and 10 wt% PIM-1, respectively, with slight 
sacrifices of the CO2/CH4 selectivity. The PIM-1/Matrimid hollow fiber membranes 
were also demonstrated [5]. 
 
Even though Matrimid has relatively high gas permeability, it is an expensive 
polyimide material and has a low plasticization pressure against CO2 [6]. These 
concerns drive us to explore other mixed matrix pairs such as the PIM-1 and 
polyetherimide (PEI) Ultem 1010 (noted as Ultem thereafter) system. As illustrated 
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in Fig. 6.1, Ultem is a thermoplastic resin with excellent thermal stability and has 
been widely used for electrical insulation and medical tools [7]. It possesses 
hydrolytic stability, high modulus, good UV radiation and ease of processability. 
Compared to Matrimid, Ultem has better chemical resistance to common solvents 
which makes it suitable for applications under harsh environments. The pure gas 
permeability of Ultem to CO2 and O2 are 1.33 and 0.41, respectively; while the ideal 
selectivity of CO2/CH4, CO2/N2 and O2/N2 gas pairs are 37, 25 and 7.5, respectively 
[8, 9].  
 
 
Fig. 6.1 The structure of Ultem Polyetherimide. 
 
Amongst all blending cases, polymer blends can be categorized as completely 
miscible blends, partially miscible blends and fully immiscible [10]. Due to 
favourable interaction, miscible blend exhibits one single glass transition 
temperatures (Tg) that represents the homogeneity of the system at 5~10 nm scale 
[11]. Partially miscible blends are characterized by the presence of two Tgs that are 
shifted towards each other, displaying that one component is partially dissolved in 
the other. The immiscible blends with phase separation and poor interface 
morphology exhibit two distinct Tgs of their pristine constituents. In fact, producing 
good compatibility and adhesion of polymer blends remains the challenges in 
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developing suitable blends for desired application. The phase separation, sharp 
interface and coarse morphology of the immiscible blend affect the physical and 
mechanical properties as well as their separation performance significantly. 
Nevertheless, Xanthos and Dagli also mentioned that blends that are not fully 
miscible are often more favoured because of the combination of some essential 
characteristics therefore they make up the majority of the mercantile blends [12].  
 
To date, many Ultem polymer blends have been reported including those with 
polyetheramide, thermosetting polyimide and liquid crystal polymers [13-15]. In this 
study, we aim to investigate the miscibility and gas separation properties of the 
Ultem/PIM-1 system and examine its potential as a gas membrane material by taking 
advantage of PIM-1’s high gas permeability and Ultem’s good gas selectivity for 
CO2/CH4 and CO2/N2 separation. This study may provide useful insights for the 
exploration of new industrial materials based on PIM-1 for gas separation. 
 
6.2 Results and Discussion 
6.2.1 Characterizations 
AFM measurements offer a direct observation of membrane surface morphology. Fig. 
6.2 presents the AFM images of all membrane surfaces at the dimension of 1×1 µm2 
as a function of PIM-1 content.  
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Fig. 6.2 The AFM surface images of Ultem/PIM-1 with various weight ratios. 
 
 




100/0 0.90 0.65 
95/ 5 2.26 1.82 
90/10 5.26 4.14 
80/20 8.04 6.77 
70/30 11.5 9.45 
50/50 21.4 17.1 
30/70 15.3 11.8 
20/80 9.23 6.69 
10/90 4.48 3.23 
5 /95 2.15 1.58 




Table 6.1 shows the surface roughness in terms of the arithmetic mean value, Ra, or 
the root mean square value, Rq. Both Ra and Rq, increase as the PIM-1 concentration 
increases to 50 wt%, and then decrease as the PIM-1 concentration further increases. 
Thus, the surfaces can be considered relatively smooth when the PIM-1 
concentration is below 20 or above 80 wt% where both Ra and Rq are less than 10 
nm. 
 
Consistent with the AFM data, Fig. 6.3 displays the optical morphology observed by 
a PLM as a function of PIM-1 content. Clear phase separation can be observed when 
the PIM-1 concentration is between 30% and 70% (i.e., between Fig. 6.3 (e) and (g)). 
Reasonably good miscibility seems to take place when the PIM-1 concentration is ≤ 
10 wt% (Fig. 6.3(a) and (b)) or ≥ 95 wt% (Fig. 6.3 (k)), while partial miscibility is 
observed for samples containing 20, 80 and 90% PIM-1 (Fig. 6.3 (c), (i) and (k)). 
These AFM and optical results are slightly different from Liu et al.’s finding where 
phase separation was not observed for Ultem/PIM-1 blends with a PIM-1 
concentration up to 30 wt% [3]. Fig. 6.4 shows the transparency of Ultem/PIM-1 
MMM films. High transparency is obtained by naked eyes when the PIM-1 loading 
is about 5 wt% (Fig. 6.4(a)) or 80 wt% (Fig. 6.4(f)). In accordance with AFM and 
PLM observations, this suggests good distributions of the minor component within 
the major component in these concentration ranges.  
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Fig. 6.4 Photos of membranes with weight ratios of Ultem to PIM-1 
 
Fig. 6.5 illustrates the variations in density and FFV with PIM-1 content in these 
MMMs. As the PIM-1 loading is raised, FFV increases while density decreases 
because PIM-1 is a high FFV polymer. However, the FFV estimated from the density 
measurement is higher than the value predicted from Eq. 3.5 when the PIM-1 
loading is smaller than 20 wt% due to the formation of interface microvoids between 
PIM-1 and Ultem molecules. Interestingly, the predicted FFV value is higher than 
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the estimated FFV value when the PIM-1 concentration is higher than 30 wt%. As 
reported by other groups [16, 17], PIM-1 has some microvoids with sizes around 
10~15 Å. It is likely that the lower FFV values are resulted from the filling of these 
large microvoids by Ultem polymer chains.  
 























Fig. 6.6 The DSC curves of pristine Ultem and Ultem/PIM-1 MMMs. The arrow is 
to guide eyes. 
 
Fig. 6.6 shows that Tg evolution as a function of PIM-1 loading. Tg shifts from 
215 °C to 221 °C once PIM-1 reaches 50 wt%. Clearly, there are interactions 
between PIM-1 and Ultem at a molecular level and the presence of PIM-1 rigidifies 
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Ultem polymer chains and hinders their rotation. Since Tg of PIM-1 is very difficult 
to be detected [18, 19], only one Tg attributed to Ultem was measured. However, the 
amount of Ultem Tg increment is much lower than that predicted from Fox [20] and 
Kwei [21] equations for fully miscible blends, this suggests that the most interacted 
Ultem and PIM-1 MMMs are only partially miscible at low PIM-1 loadings. 
 













       
(6.1) 
where w stands for the mass fraction, the denotation 1 and 2 refers to the component 
with lower and higher Tg, respectively. k and q are adjustable variables. The Tg of 
PIM-1 is reported to be 436 °C by Staiger et al [22]. By varying the values of k and q 
as shown in Fig. 6.7A, we were, however, unable to simulate the Tg-composition 
curves by Kwei prediction that works for the fully miscible systems. Brostow et al. 
[23] have descripted the Tg changes in different scenarios as illustrated in Fig. 6.7B. 
For the partially miscible system, the approaching of both Tgs does not seem to be 
that perceptible as that of a miscible case, which is evident in our case where the first 
Tg only elevates 6 °C from pristine Ultem to a 50/50 blend. The slope of the 
transition was weakened as the loading further increases and becomes barely 
noticeable when the loading reaches higher than 70%. Therefore no data is reported 
for MMMs with PIM-1 loading beyond 70 wt%. 
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Fig. 6.7 (A) Comparison between experimentally obtained Tg and Kwei predicted Tg. 
(B) Schematic redrawing of Tg curves for different blending systems. 
 
ATR and FTIR were both employed to investigate chemical structure changes of the 
Ultem/PIM-1 MMMs. As shown in Fig. 6.8, the peaks from 600 cm-1 to 2000 cm-1 
were obtained by ATR while the peaks from 2000 cm-1 to 2800 cm-1 were measured 
under the FTIR transmission mode since the signal obtained from ATR was weak over 
this range. With an increase in PIM-1 loading, the peak at near 2240 cm-1 that 
corresponds to C≡N [17] becomes visible and stronger, while the peaks corresponding 
to carbonyl C=O bending near 720 cm-1 [24], stretching of imide C-N at 1361 
cm-1[25], symmetric and asymmetric stretching of C=O at 1712 cm-1 and 1778 
cm-1[25, 26] decrease. Consistent with the Tg shift, the C=O stretching at 1712 cm
-1 
also shifts towards a higher frequency when the PIM-1 concentration increases. 
Similar to the previous Matrimid/PIM-1 case [4], the peak shift is more apparent for 
the MMMs with more than 90 wt% PIM-1 in Ultem, indicating a more homogeneous 
blending occurring at these compositions that induces reasonable interactions between 
the two polymers.  
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Fig. 6.8 The ATR and FTIR spectra of Ultem/PIM-1 blends. 
 
Fig. 6.9 shows the XRD spectra of the pristine polymers and some partially miscible 
Ultem/PIM-1 blends. Similar to the reported value of 5.24 Å [27], Ultem possesses 
one broad peak at around 17˚ that corresponds to a d-space value of 5.21 Å, while 
PIM-1 has apparent peaks at 18˚ and 13.6˚ that correspond to d-space values of 4.9 Å 
and 6.5 Å, as reported in literatures [28]. The d-space of 4.9 Å represents efficiently 
packed chains, while the d-space of 6.5 Å arises from micropores between chains 
[28]. Clear XRD shifts can be observed in these blends. Ultem/PIM-1 (10/90) has a 
lower d-space value than PIM-1, while Ultem/PIM-1 (90/10) has a larger d-space 
value than Ultem. Consistent with Tg and FTIR shifts, the d-space shifts indicate 
interactions between Ultem and PIM-1 at a molecular level for some compositions.  
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Fig. 6.9 The XRD spectra of selected Ultem/PIM-1polymer blends. 
 
6.2.2 Gas permeation performance of the Ultem/PIM-1 system 
Table 6.3 summarizes the pure gas permeability of He, N2, O2, CH4 and CO2 for 
Ultem/PIM-1 MMMs at different PIM-1 loadings. The permeability of the pristine 
PIM-1 and Ultem are comparable with the literature data. The permeability of all 
gases increases with increasing PIM-1 loading while the selectivity of O2/N2, 
CO2/CH4 and CO2/N2 initially drops slightly at low PIM-1 loadings but later 
approaches to the respective selectivity of the pristine PIM-1. When the PIM-1 
loadings are low, the permeability of the blends improves impressively. At a loading 
of 10 wt% PIM-1, the permeability of most gases upsurges more than 150%. When 
the PIM-1 loading increases to 20 wt%, the permeability of almost all gases reaches 
around 2 times higher than those of the pristine Ultem without significant sacrifices 
of the selectivity. The tremendous increment of permeability is attributed to (1) the 
large free volume of PIM-1 as signified from the d-spacing and (2) the microvoids 
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formed in the interfaces between PIM-1 and Ultem since the estimated FFV values 
of the MMMs are greater than the predicted values at low PIM-1 loadings.  Notably, 
the reductions in selectivity of CO2/CH4 and CO2/N2 are less than 8% and that of 
O2/N2 is 14% when comparing 80/20 Ultem/PIM-1 to the pristine Ultem. However, 
the permeability further increases while the selectivity simultaneously drops with a 
raise in PIM-1 content from 30 wt% to 80 wt%. Eventually, the gas transport 
properties of the MMM system approach to those of the pristine PIM-1 when the 
PIM-1 concentration exceeds 90 wt%. Fig. 6.10 plots the separation performance 
against the Robeson upper bound 2008 as a function of PIM-1 loading. The 
separation performance of the MMMs surpasses the 2008 Robeson upper bound for 
the O2/N2 separation when the PIM-1 loading reaches 70 wt%.  
 






He N2 O2 CH4 CO2 
 
CO2/N2 CO2/CH4 O2/N2 
100/ 0 8.8 0.054 0.38 0.040 1.48 
 
27.4 37.0 7.1 
95/ 5 10.3 0.083 0.58 0.060 2.18 
 
26.2 36.5 7.0 
90/10 14.8 0.16 1.1 0.12 3.95 
 
25.2 33.8 6.8 
80/20 22.6 0.26 1.6 0.19 6.58 
 
25.7 34.6 6.1 
70/30 29.9 0.38 2.2 0.28 9.27 
 
24.8 34.7 5.8 
50/50 75.9 1.9 10.4 2.2 51.7 
 
26.9 23.2 5.4 
30/70 231.4 21.9 93.9 28.5 477.1 
 
21.8 16.7 4.4 
20/80 435.4 65.2 230.1 97.1 1259.7 
 
19.3 13.0 3.5 
10/90 794.1 143.7 512.4 247.6 2876.6 
 
20.0 11.6 3.6 
5/ 95 888.7 155.0 556.5 277.0 3275.9 
 
21.1 11.8 3.6 
0/100 947.4 168.1 585.5 317.7 3488.7 
 
20.8 11.0 3.5 
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Ultem/PIM-1 blends (90/10 and 80/20) were further tested by mixed gas pairs of 
CO2/N2 (50/50 mol%) and CO2/CH4 (50/50 mol%) at 35 °C with a partial pressure 
under 3.5 bar. The data listed in Table 6.4 are comparable with the pure gas data. 
Interestingly, for the CO2/N2 and CO2/CH4 mixed gas pairs, the membrane has 
slightly higher mixed gas selectivities than the pure gas ones, which could be 
possibly associated with the higher affinity of PIM-1 towards CO2 and better 
sorption competition during mixed gas tests. This phenomenon was also observed by 
Guiver and his co-workers [29, 30] that the sorption of CO2 suppresses that of N2. 
They observed a higher CO2/N2 selectivity of 30.2 when the concentration of CO2 
was higher than 40%.  
 
 
Fig. 6.10 Comparison between the separation performance of Ultem/PIM-1 MMMs 
and the 2008 Robeson upper bound. 
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Table 6.4 The mixed gas CO2/N2 (50/50 mol%) and CO2/CH4 (50/50 mol%) testing 










      
 












      
 












6.2.3 Prediction of permeability 
Since a good dispersion of PIM-1 was observed inside the Ultem matrix at low 
PIM-1 loadings and vice versa, the Maxwell equation (Eq. 4.2) was applied to 
calculate the permeability for this MMM system. Three types of predictions were 
made as illustrated in Fig. 6.11. The upper dotted-lines in all graphs represent the 
prediction from the Maxwell model assuming PIM-1 as the continuous phase and 
Ultem as the dispersed phase. The lower dotted-lines symbolize the Maxwell 
prediction by considering Ultem as the continuous phase and PIM-1 as the dispersed 
phase. The middle dotted-lines denote the prediction from a homogenous system 
where permeability follows the semi-logarithmic addition as expressed in Eq. 4.1.  
 
The following facts can be observed by comparing the experimental and model 
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prediction data. When the PIM-1 loadings are high (i.e., > 90%), a good match in 
permeability is found between the experimental data and the Maxwell prediction 
(upper dotted-line). Clearly, well dispersed Ultem molecules in the PIM-1 matrix are 
formed. At low PIM-1 loadings (i.e., < 20%), the experimental data are higher than 
the Maxwell prediction (i.e., lower dotted-line where Ultem is the continuous phase) 
but very close to the semi-logarithmic addition. This implies that relatively high 
miscibility takes place at these compositions, thus their permeability follows the rule 
of the semi-logarithmic addition.   
 
Fig. 6.11 Comparison between the model prediction and the experimental data of 
Ultem/PIM-1 MMMs. 
 
When the PIM-1 loading is in the range of 30~80 wt%, its permeability approaches 
to the semi-logarithmic prediction but with some deviations. The deviations may 
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result from two factors: (1) as confirmed in Fig. 6.5, the FFV values of the MMMs 
differ from their theoretical predictions due to the formation of microvoids and 
interfaces between these two materials and (2) both the semi-logarithmic addition 
and the Maxwell model are too simple to describe the real complicated phase 
morphology. As pointed by previous researchers, predicting the performance of 
polymer blends is challenging owing to the unidentified degree of miscibility and 
possible changes of phase continuity at any stage [31, 32]. The polymer rich phase 
does not necessarily form the continuous phase. Chen et al. [33] have reported the 
same phenomenon that under certain circumstances the polymer lean phases can take 
over the continuous phase. 
 
6.2.4 Prediction of selectivity 
Fig. 6.12 compares the CO2/CH4 and O2/N2 selectivity versus the predictions from 



































     
(6.2) 
The experimental selectivity is initially higher than the prediction but becomes 
slightly lower than the prediction when the PIM-1 loading is over 80 wt%. A similar 
trend had been observed from PIM-1/Matrimid blends [4]. At lower PIM-1 loadings, 
Ultem is the continuous phase, thus its selectivity has a more dominant effect on the 
overall selectivity. In addition, there might be charge transfer complexes (CTCs) in 
Ultem that tighten the polymer chains and result in higher CO2/CH4 and O2/N2 
selectivity than the semi-logarithmic predictions, as pointed out by Yong et al. [4]. 
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When the PIM-1 loading is high, PIM-1 becomes the continuous phase and the 
CTCs effect becomes weak, thus leading to a lower selectivity than the prediction.  
 
 
Fig. 6.12 Comparison between the model prediction and the experimental data of the 
CO2/CH4 and O2/N2 selectivity of Ultem/PIM-1. 
 
6.2.5 Comparison with similar systems 
So far, only limited polymer mixture systems containing PIM-1 have been studied 
for gas separation. As listed in Table 6.5, they are Matrimid, Ultem and 
6FDA-m-PDA [3, 4]. In general, the permeability of all polymers increases with the 
addition of small amounts of PIM-1 without much sacrifice in selectivity.  
 
When comparing our Ultem/PIM-1 system with Liu et al.’s work, their performance 
trends in terms of PIM-1 effects on permeability and selectivity are quite similar. 
However, both works have different values of permeability. It is understandable 
because the solvents applied (chloroform, DCM or THF) and the film preparation 
protocols have significant effects on the gas transport properties of PIM-1. As shown 
in Table 6.5, the slight deviations in their gas separation performance may be 
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resulted from the differences in polymer molecular weights, membrane preparation, 
thermal history and tests conditions. 
 









O2/N2 CO2/N2 CO2/CH4 
Ultem/PIM-1 (this work) 
      
 
Pristine Ultem 1.48 0.38 
 
7.1 27.4 37.0 
 
90/10 3.95 1.1 
 
6.8 25.2 33.8 
 
80/20 6.58 1.6 
 
6.1 25.7 34.6 
 
70/30 9.27 2.2 
 
5.8 24.8 34.7 
Ultem/PIM-1 [3]* 
      
 
90/10 2.89 - 
 
- - 31.6 
 
80/20 5.69 - 
 
- - 31.2 
 
70/30 5.77 - 
 
- - 30.2 
Matrimid/PIM-1[4]  
(Liu et al. [3]*)       
 
Pristine Matrimid 9.6 (10.0) 2.1 
 
6.4 30 36 (28.2) 
 
95/ 5 12 ( - ) 2.6 
 
6.6 29 35 ( - ) 
 
90/10 17 (20.3) 3.4 
 
6.1 30 34 (27.1) 
 
70/30 56 (35.9) 11 
 
5.8 28 31 (24.8) 
6FDA-m-PDA/PIM-1 [3]* 






- - 48.4 
 
92.5/7.5 22.3 - 
 
- - 48.7 
* Tests were conducted at 50 ℃ and ~ 100 psig.  
 
Yong et al. [4] have reported that CO2 permeability increases 25% and 77% with the 
addition of 5 and 10 wt% PIM-1 into Matrimid, respectively. Since Ultem is a less 
permeable polymer, the effect of incorporating PIM-1 on the improvement of gas 
permeability is more remarkable. Consistent with our hypothesis, CO2 permeability 
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increases 47% and 167% with 5 and 10 wt% PIM-1, respectively. Clearly, PIM-1 has 
great potential to work as an organic filler to enhance the permeability of low 




Since the loading of inorganic filler is usually restricted, organic filler is proposed to 
form MMMs with low permeable materials. As a concept study, Ultem/PIM-1 
MMMs were fabricated and investigated for their physiochemical and gas transport 
properties. Slightly higher Tg‘s of the MMMs were observed as compared to pristine 
Ultem, signifying the system could be partially miscible at molecular level. Some 
deviations from linear prediction were found in FFV due to the formation of 
interface voids or pore-filling effect. The permeability of various gases for the 
MMMs was largely enhanced when a small amount of PIM-1 filler was added. By 
including 5 wt% and 10 wt% PIM-1, the permeability of CO2 increases 47% and 
167%, respectively, without compensating the selectivity. When the PIM-1 loadings 
are below 20 wt%, the permeability of the blends follows the semi-logarithm 
addition which confirms the systems are homogenous. At higher PIM-1 loadings 
above 90 wt%, the permeability matches closely with Maxwell prediction since 
Ultem is randomly distributed inside PIM-1. The mixed gas results also exhibit 
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Chapter Seven  
 





















Hollow fiber membrane is a proven technology for air separation, CO2 capture as well 
as other gas separation [1-4]. In order to enhance gas transport, the active membrane 
layer should be uniform and thin, while the supporting layer must be mechanically 
strong to withstand high operation pressures but with minimal transport resistance 
[4-8]. To achieve this morphology and separation performance, the membrane can be 
designed by spinning asymmetric hollow fibers with an ultrathin selective skin and a 
porous support. Nevertheless, the formation of hollow fibers with a defect-free 
selective layer is always a challenge. Kesting et al introduced the Lewis acid: base 
complex system in spinning dopes to form high performance PSF hollow fibers [9]. 
Chung et al employed a simplified method by forming Lewis acid: base complex 
dopes concurrently with polymerization (imidization) on their 6FDA-durene hollow 
fibers [10]. Koros and his co-workers developed the “dry/wet phase inversion” 
technology to produce defect-free hollow fibers without post-treatments [5, 11]. All 
these studies reveal seven important consecutive steps in forming hollow fiber 
membranes; namely, dope preparation, degassing, metering, spinning, evaporation in 
the air gap region, coagulation in the wet phase inversion and finally the solvent 
exchange [12]. Among them, the dope formulation, spinning conditions and solvent 
exchange have dominant influence on the final morphology and gas transport 
properties of the fibers.  
 
Besides the spinning process, treatments such as heat treatment or silicone rubber 
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coating are often necessary to seal the defects and recover the gas pair selectivity. 
Peng et al spun Extem® under various spinning conditions and found this material 
could not form defect-free single-layer fibers without post treatments [13]. However, 
additional post-treatments were undesirable as they would incur extra costs to 
membrane fabrication. Another technique of producing an ultrathin dense-selective 
layer is via dual-layer hollow fiber spinning, which had been successfully employed 
for Extem® hollow fibers in the same study [13]. The dual-layer spinning technology 
was first invented by Yanagimoto for ultrafiltration [14] and was further developed 
by Ekiner et al for gas separation [15]. Dual-layer asymmetric hollow fiber 
membranes are formed by co-extrusion of two polymer dopes and one bore fluid 
through a triple-orifice spinneret [4, 6]. Traditionally, low-cost polymers with high 
mechanical and thermal properties are chosen as the support layer while high 
performance materials are used as the outer selective layer [16]. Compared to single 
layer hollow fibers, the production of dual-layer hollow fiber membranes may 
eliminate the tedious post treatment steps to form an active skin. In addition, the 
dual-layer configuration also significantly saves the material cost for the expensive 
outer selective layer [12].  
 
In this study, dual-layer hollow fiber membranes are fabricated with polymer blends 
of Ultem 1010 (denoted as Ultem thereafter) and polymer of intrinsic microporosity 
(PIM-1) as the selective layer. Ultem is attractive for gas separation because of its 
good gas-pair selectivity [17-18] and chemical resistance [19]. In addition, it has 
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higher plasticization pressure and is less costly compared to Matrimid [20-23]. 
Nevertheless, the low permeability has limited its applications as hollow fibers for 
gas separation. In order to enhance its gas separation performance, two approaches 
have been explored and both were based on the mixed matrix concept [17, 24-25]. 
Husain et al incorporated HSSZ-13 zeolite into the spinning dope and fabricated 
Ultem/zeolite mixed matrix hollow fibers to enhance the membrane performance. 
However, the HSSZ-13 nanoparticles required special surface modifications which 
complicated the fabrication processes [17, 24]. Dai et al developed Ultem/ZIF-8 
hollow fibers for CO2/N2 separation by embedding 13 wt% commercially available 
ZIF-8 particles in the outer-layer dope. After thermally treated at 75 C for 2 hours, 
the resultant mixed matrix hollow fiber has an 85% higher permeance and a 20% 
higher selectivity than the Ultem hollow fiber membrane [25]. 
  
Different from their approaches, this study aims to develop a new type of high 
performance Ultem hollow fiber membranes based on the incorporation of PIM-1. 
This is due to the fact that our previous study showed that PIM-1 and Ultem easily 
formed partial miscible blends [26]. The Ultem/PIM-1 dense films display 
significantly improved gas transport performance compared to the pure Ultem films. 
Therefore, selected partially miscible blends are chosen in this study because we 
target to excel their permeance without compromising gas pair selectivity for 
industrial interests and exploration. Compared to Matrimid/PIM-1 hollow fibers [22], 
the Ultem/PIM-1 hollow fibers may be more applicable for pre-combustion and 
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post-combustion CO2 capture because the former has a less plasticization pressure 
and is more costly than the latter.  
 
In order to minimize the usage of the expensive material (i.e., PIM-1) as well as to 
eliminate possible post treatment steps, this work also aims to fabricate defect-free 
fibers directly from one-step dual-layer spinning. To overcome the delamination 
between the two layers and exploit Ultem’s superior characteristics of chemical 
resistance and plasticization resistance, Ultem is chosen as the inner support layer to 
enhance interfacial adhesion with the outer Ultem/PIM-1 selective layer. A dry-jet 
wet spinning process is employed to increase productivity and control fiber 
morphology. The effects of spinning conditions such as take-up speed and air gap 
distance on gas separation performance are investigated. This study may open up 
new applications and widen the potential for Ultem, PIM-1 as well as their blend 
hollow fibers.  
 
7.2 Results and Discussion 
7.2.1 Miscibility 
PLM images of four flat sheet membranes with different PIM-1 loadings are 
presented in Fig. 7.1. Consistent with our previous study in Chapter Six, the images 
display homogeneous distribution of PIM-1 inside the Ultem matrix at low PIM-1 




Fig. 7.1 PLM images of flat sheet membranes with different component ratios with 




Fig. 7.2 DSC results for Ultem and several Ultem/PIM-1 blends 
 
DSC scans were conducted on these flat sheet membranes to obtain the Tgs of all 
blends as shown in Fig. 7.2. The Tg of PIM-1 is difficult to observe since it is higher 
than its decomposition temperature [27]; therefore only the shifts of the Ultem Tg are 
reported. The Tg shifts from 215 
oC to 218 oC with an increase PIM-1 loading up to 
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15 wt%, indicating partial miscibility may occur between Ultem and PIM-1 at low 
PIM-1 loadings. Other characterizations such as AFM and FTIR on flat sheet 
membranes can be found in Chapter Six. 
 
7.2.2 Effects of take-up speed and air gap distance on Ultem hollow fibers 
Since Prof. Koros group has demonstrated the defect-free Ultem hollow fiber [17, 24, 
25], only limited spinning conditions shown in Table 3.1 were explored in this study 
to search for suitable conditions to spin Ultem/PIM-1 hollow fibers. Table 7.1 
tabulates the O2 and N2 permeance and O2/N2 selectivity of the resultant Ultem 
hollow fibers as functions of various spinning conditions. The following observation 
can be summarized. 
 
1. With proper dope formulations and spinning conditions, spinning Ultem/PIM-1 
hollow fibers with a defect-free ultrathin dense-selective layer could be easily 
achievable. Samples UA1, UB1 and UC1 have O2/N2 selectivity close to or 
higher than the intrinsic value of 7.1 with dense-layer thicknesses much lower 
than 100 nm. 
2. Fibers spun from a short air gap distance of 4 cm with a bore-fluid flow rate of 
1.5 ml/min were not stable and showed irregular shapes. This was due to rapid 
solvent exchange, uneven shrinkage and buckling [28]. To balance the stresses, 
the bore fluid flow rate was increased to 3 ml/min during the spinning. 
3. No defect-free hollow fibers could be produced when the outer-layer dope flow 
rate was reduced to 0.4 ml/min (Sample UD). 
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Table 7.1 The O2, N2 permeance and O2/N2 selectivity of pristine Ultem hollow 
fibers 
Fiber ID Permeance  (GPU) 
 








0.38 Barrer 0.054 Barrer 
 
7.1 - 
UA1 5.39 0.77 
 
7.0 71 
UA2 7.07 1.45 
 
5.3 54 
UB1 5.22 0.71 
 
7.4 73 
UB2 6.52 1.19 
 
5.5 58 
UC1 4.69 0.64 
 
7.3 81 
UC2 7.43 1.46 
 
5.1 51 




Tables 3.1 and 7.1 also exhibit the effects of take-up speed and air gap distance on 
O2/N2 selectivity of the resultant fibers. With fixed air gaps at 4, 7 and 10 cm, a 
higher take-up speed could over-stretch polymer chains, result in defects and reduce 
selectivity. This phenomenon is consistent with other studies [29]. When take-up 
speed was maintained at 21.8 m/min, UA2 and UB1 display the effects of air gap 
distance on O2/N2 selectivity. At a high air gap of 10 cm, the resultant membrane 
shows a high selectivity owing to the proper THF evaporation along the air-gap 
region [30] as well as chain orientation induced by the spin-line stresses [29, 31]. In 
contrast, fibers spun at an air gap of 7 cm show a reduced selectivity possibly 
because of uncompleted THF evaporation and less chain orientation induced along 
the air-gap region. 
 
Fig. 7.3 shows the morphology of these defect-free Ultem fibers (UA2, UB1 and 
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UC1). Compared to UA2 and UB1 fibers, UC1 has a thinner fiber wall because it 
was spun from a larger bore-fluid flow rate.  In addition, the latter has a much 
thinner outer layer than the former. Clearly, a higher bore-fluid flow rate not only 
can balance the hoop stresses near the spinneret but also accelerate the mass 
transport and thus assist a faster skin formation [32,33]. In addition, a high bore-fluid 
flow rate may expand the nascent fiber and form a more oriented outer skin. 
Therefore, fibers spun from an air gap of 4 cm possess a high selectivity despite of a 
short air gap distance.  
 
 
Fig. 7.3 FESEM images for pristine Ultem hollow fibers under spinning conditions 
UA2, UB1 and UC1 (take-up speed fixed at 21.8 m/min). 
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7.2.3 Hollow fiber morphology 
Based on the selected spinning conditions (i.e., UA1, UB1 and UC1) for the pristine 
Ultem, Ultem/PIM-1 hollow fibers were fabricated at these conditions using three 
different PIM-1 loadings: 5, 10 and 15 wt% as shown in Table 7.2. The hollow fibers 
were therefore denoted as 5A, 5B and 5C for Ultem/PIM-1 (95/5) fibers spun under 
conditions A, B and C, respectively. So do 10A, 10B and 10C for Ultem/PIM-1 
(90/10) fibers and 15A, 15B and 15C for Ultem/PIM-1 (85/15) fibers.  
 
Table 7.2 The spinning conditions for different Ultem/PIM-1 compositions 
Outer Dope composition (wt%) 
 Ultem/PIM-1 (95/5) Ultem/PIM-1/NMP/THF (27.08/1.42/35.8/35.8) 
Ultem/PIM-1 (90/10) Ultem/PIM-1/NMP/THF (24.75/2.75/36.3/36.3) 
Ultem/PIM-1 (85/15) Ultem/PIM-1/NMP/THF (21.10/3.72/37.6/37.6) 
Inner Dope composition (wt%) Ultem/NMP (23/77) 
Bore fluid composition (wt%) NMP/water (95/5) 
External coagulant Tap water 
Spinneret dimension (mm) dual-layer 1.6 no indent 
Spinning temperature (℃) 25±2 































In general, the Ultem/PIM-1 fibers obtained from this study have round-shape 
morphology as presented in Fig. 7.4. The inner layer of the fibers serves as the 
mechanical support. It contains finger-like macrovoids to minimize the sub-layer 
resistance for gas transport. 
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Fig. 7.4 FESEM images for Ultem/PIM-1 (90/10) hollow fibers 
 
Table 7.3 shows the detailed gas transport properties of the Ultem/PIM-1 hollow 
fibers as a function of PIM-1 loading and the calculated selective layer thickness 
based on the O2 permeance and permeability. There is a jump in the outer skin 
thickness from less than 80 nm to over 100 nm when PIM-1 loading increases from 
5 wt% to 10 wt%, which might be contributed by two factors. As shown in Fig. 3.2, 
the dope viscosity is not exactly the same for these Ultem/PIM dopes. As a 
consequence, the resultant fibers may have experienced different shear rates when 
extruding from the spinneret and have different degrees of molecular orientation. 
Since the O2 permeability in Eq. 3.13 was measured using standard un-oriented 
dense membranes, the calculated apparent dense layer thickness would appear 
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thicker. The other possible reason is due to the reduced miscibility when PIM-1 
loading is greater than or equal to 10 wt%. The reduced miscibility may create 
higher interface resistance between the inner and outer layer, thus slows down the 
gas permeance. As a result, the calculated apparent dense layer thickness appears to 
be thicker. 
 
Table 7.3 The gas permeance and selectivity as well as the apparent dense layer 
thickness of Ultem/PIM-1 hollow fibers 
Fiber ID 




O2 N2 CH4 CO2 O2/N2 CO2/N2 CO2/CH4 
Ultem dense 
film* 
0.38 0.054 0.04 1.48 7.1 27.4 37.0 
 
UA1 5.39 0.77 0.62 22.8 7.0 29.6 36.6 71 
UB1 5.22 0.71 0.65 24.1 7.4 33.9 36.8 73 
UC1 4.69 0.64 0.59 21.5 7.3 33.5 36.5 81 
Ultem/5%PIM-1 
dense film* 
0.58 0.083 0.06 2.18 7.0 26.2 36.5 
 
5A 7.36 1.05 0.84 29.4 7.0 28.0 35.2 79 
5B 8.19 1.14 0.94 33.9 7.2 29.7 36.1 71 
5C 7.82 1.11 0.95 33.6 7.1 30.3 35.3 74 
Ultem/10%PIM-1 
dense film* 
1.10 0.16 0.12 3.95 6.8 25.2 33.8 
 
10A 9.41 1.62 1.27 38.2 5.8 23.6 30.1 117 
10B 10.22 1.64 1.27 41.4 6.3 25.2 32.6 108 
10C 9.86 1.67 1.29 39.7 5.9 23.8 30.8 112 
Ultem/15%PIM-1 
dense film# 
1.34 0.21 0.15 5.27 6.5 25.5 34.2 
 
15A 10.91 2.23 1.85 47.0 4.9 21.1 25.4 124 
15B 13.02 2.24 1.70 49.0 5.8 21.9 28.9 104 
15C 11.58 2.18 1.84 48.1 5.3 22.0 26.1 117 
*Permeability shown in Barrer [26].     #Measured in this study 
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To verify the calculated thickness of the selective layer, PAS analyses were conducted 
for fibers spun under condition B as illustrated in Fig. 7.5. S-parameter is a combined 
measurement of free volume hole size and its intensity, which can reveal the free 
volume changes along the cross-section of a composite membrane and is typically 
used to detect the multilayer structures [34]. In the dual-layer hollow fiber system, the 
top selective layer is much denser than its supporting layer, thus the free volume 
change of these two sections can be differentiated by S-parameter. The thickness of 
the dense region can be referred to as the point where S-parameter reaches a local 
maximum value after the early region of a stiff slope [34]. The mean implantation 












          (7.1) 
where Z refers to the mean implantation depth in nm, E+ stands for the incident 
energy in keV and ρ is the density of the material in g/cm3. The mean depth of the 
fibers is estimated from E+ equals to 1.5 ~ 2.1 keV. The exact incident energy cannot 
be obtained due to its step increment during data collection. The estimated thickness 
falls within the range of ~60 nm for fiber UB1 and ~ 110 nm for fiber 15B, indicating 
a good agreement with the aforementioned calculated thicknesses. 
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Fig. 7.5 The S parameters of Ultem and Ultem/PIM-1 (85/15) obtained from PAS. 
 
7.2.4 Gas transport properties for Ultem/PIM-1 
According to Table 7.3, the permeance values of all gases increase 50% for all three 
spinning conditions when only 5 wt% PIM-1 is added into the outer layer. For 
example, the average permeance of CO2 increases from 22.8 GPU to 32.3 GPU. 
Importantly, the selectivity shows no sacrifice and easily surpasses the intrinsic 
selectivity of flat dense membranes for O2/N2 and CO2/N2 gas pairs. The CO2/CH4 
selectivity was slightly below the ideal selectivity but well preserved more than 96% 
of its intrinsic value. 
 
The gas permeance further increases with increasing PIM-1 loading. With 10 wt% 
PIM-1 is incorporated inside the outer layer polymer dope, the average O2 and CO2 
permeance rose to 9.8 GPU and 39.8 GPU, respectively, exhibiting a 75% increment. 
This is because of a larger fractional free volume is formed in the selective layer 
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with a higher PIM-1 loading. XRD results shown in Chapter Six had confirmed this 
phenomenon where a larger d-space value was observed when 10 wt% PIM-1 was 
added inside the Ultem membranes.  As for the selectivity, it is maintained at 
around 6.3, 25.2 and 32.6 for O2/N2, CO2/N2 and CO2/CH4, respectively with fibers 
spun under condition B. These values are very close to those of flat dense 
membranes (i.e., 6.8, 25.2 and 33.8, respectively), indicating the formation of near 
defect-free outer layers. 
 
A further increase in PIM-1 loading to 15 wt% produces fibers with an average O2 
permeance of around 12 GPU and CO2 permeance of nearly 50 GPU. Nevertheless, 
notable decreases in O2/N2, CO2/N2 and CO2/CH4 selectivity are observed for all 
fibers. As discussed in Chapter Six, this may be caused by the reduced miscibility 
when PIM-1 loading reaches beyond 10 wt%. More chain alignment and orientation 
may be required to compensate the reduction in their miscibility. Nevertheless, fibers 
spun under condition B still maintains over 80% of the intrinsic selectivity and 
displays promising performance. 
 
Fig. 7.6 illustrates the evolution of permeance and selectivity as a function of PIM 
loading. Compared to other fibers, fibers 5B, 10B and 15B spun under condition 
UB1 are nearly defect free probably because of balanced spinning conditions with a 
higher air gap distance. Therefore, one can conclude that even though Ultem is a low 
permeable material, its gas permeation can be significantly enhanced by adding a 
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minimum amount of a high free volume material without much sacrifice in its gas 
selectivity if the spinning conditions are properly designed. 
 
 
Fig. 7.6 (Upper) the average O2 permeance of different fibers and the O2/N2 
selectivity of UB, 5B, 10B and 15B; (Lower) the average CO2 permeance of 
different fibers and the CO2/CH4 selectivity of UB, 5B, 10B and 15B. 
 
Silicone rubber coating was lastly attempted to recover fiber properties spun under 
conditions 15A and 15C due to their relatively lower selectivity. Although the 
CO2/CH4 selectivity can be recovered to above 31, the CO2 permeance drops to 
around 35 GPU for both cases. A recent paper by Huang et al illustrated the effects 
of pressure ratio on system performance where a high selectivity does not 
necessarily improve the energy efficiency in industrial applications [35]. Therefore, 
gas separation membranes with a high permeance but a reasonable selectivity may 
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have greater industrial potential. Silicone rubber coating may not be necessary for 
these fibers containing a 15 wt% PIM-1 loading. 
 
7.2.5 Benchmark with other Ultem-based hollow fibers  
Fig. 7.7 displays the Ultem-based hollow fibers for CO2/CH4 and CO2/N2 separation 
including the mixed gas data for 10B and 15B using a mixed gas of 50/50 vol% 
CO2/CH4 as the feed [24, 25, 36]. The Ultem fibers generally show good CO2/CH4 
and CO2/N2 selectivity with a relatively low CO2 permeance. The obtained Ultem 
fiber permeance in this study is higher than those in the literature. This may be 
contributed by the optimization of spinning conditions as well as the controlling of 
dope formulations. With a 15 wt% PIM-1 loading, a 100% increment in gas 
permeance is achieved.  
 
In terms of mixed gas data, the CO2/CH4 selectivity remains slightly higher than the 
pure gas data with trivial sacrifice of the permeance values. This selectivity 
increment in mixed gas systems was also observed by other studies [24, 26], which 
might be contributed from the effect of a higher CO2 sorption selectivity on the 




Fig. 7.7 Comparison amongst different Ultem-based hollow fibers for gas 
separation. 
 
Other than the superior separation performance, the newly developed dual-layer 
fibers ensure a small usage of the expensive material PIM-1. Based on the PIM-1 
consumption per unit fiber as expressed in Eq. 7.2 using the Ultem/PIM-1 (95/5) 
fiber as an example, the hollow fiber only consists of 0.88 wt% PIM-1 in the overall 
material while the rest 99.12 wt% is Ultem. With the insubstantial amounts of PIM-1 
added, i.e., 0.88, 1.7 and 2.3 wt% for Ultem/PIM-1 (95/5), (90/10) and (85/15) fibers, 










  (7.2) 
 
Compared to the MMMs consisting of zeolite and MOF, adding HSSZ-13 increases 
the fiber selectivity with the compensation of its permeance [17, 24], while adding 
ZIF-8 demonstrates increments in both permeance and selectivity with the aid of the 
post thermal treatment [25]. In addition, although PIM-1/Matrimid single layer 
hollow fibers possess a higher permeance with a similar selectivity [22], the large 
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amount of PIM-1 used in the fiber reduces its competiveness. On the contrary, the 
dual-layer hollow fiber developed in this study not only effectively improves the gas 
transport properties, but also significantly reduces the usage of the expensive 
material. Thus, this work may open up opportunities for Ultem-based materials in 
various industrial applications. 
 
7.3 Summary 
Defect-free dual-layer hollow fibers were spun with Ultem as the support layer and 
Ultem/PIM-1 MMMs as the dense selective layer. 5, 10 and 15 wt% PIM-1 were 
added inside the system. The fibers show 50%, 70% and 100% increment in gas 
permeance, respectively. When PIM-1 is only 5 wt% the O2/N2 and CO2/CH4 
selectivity of the fibers is not affected. With higher PIM-1 loadings, the selectivity 
drops because of the intrinsically lower selectivity of PIM-1. The dense layer 
thicknesses of the newly developed fibers are estimated to be around 100 nm 
through both FESEM and PAS, indicating the successful formation of ultrathin 
selective layers as a result of designed dope formulation and balanced spinning 
conditions. The dual-layer co-extrusion technology also ensures an extremely low 
usage of the expensive material in the resultant fibers. Therefore, under properly 
designed spinning conditions, the permeance of Ultem, a low permeable material, 
can be considerably improved by incorporating a minimum amount of a high free 





[1] X. He, M.B. Hägg. Hollow fiber carbon membranes: Investigations for CO2 
capture, J. Membr. Sci. 378 (2011) 1–9. 
[2] R.W. Baker, K. Lokhandwala, Natural gas processing with membranes:  An 
overview, Ind. Eng. Chem. Res. 47 (2008) 2109–2121. 
[3] H. Wang, S. Werth, T. Schiestel, J. Caro, Perovskite hollow-fiber membranes for 
the production of oxygen-enriched air, Angew. Chem. Int. Ed. 44 (2005) 6906–
6909. 
[4] N. Peng, N. Widjojo, P. Sukitpaneenit, M.M. Teoh, G.G. Lipscomb, T.S. Chung, 
J.Y. Lai, Evolution of polymeric hollow fibers as sustainable technologies: Past, 
present, and future, Prog. Polym. Sci. 37 (2012) 1401–1424. 
[5] I. Pinnau, W.J. Koros, Defect-free ultrahigh flux asymmetric membranes, US Pat. 
(1990) 4,902,422 
[6] D.F. Li, T.S. Chung, R. Wang, Morphological aspects and structure control of 
dual-layer asymmetric hollow fiber membranes formed by a simultaneous 
co-extrusion approach, J. Membr. Sci. 243 (2004) 155–175. 
[7] G.G. Lipscomb, The melt hollow fiber spinning process: steady-state behavior, 
sensitivity and stability, Polym. Adv. Technol. 5 (1994) 745–758. 
[8] M. Shang, H. Matsuyama, M. Teramoto, D.R. Lloyd, N. Kubota, Preparation and 
membrane performance of poly(ethylene-co-vinyl alcohol) hollow fiber 
membrane via thermally induced phase separation, Polymer 44 (2003) 7441–
7447. 
176 
[9] R.E. Kesting, A.K. Fritzsche, M.K. Murphy, C.A. Cruse, A.C. Handermann, R.F. 
Malon, M.D. Moore, The second-generation polysulfone gas-separation 
membrane. I. The use of lewis acid : base complexes as transient templates to 
increase free volume, J. Appl. Polym. Sci. 40 (1990) 1557–1574. 
[10]  T.S. Chung, E.R. Kafchinski, R. Vora, Development of a defect-free 
6FDA-durene asymmetric hollow fiber and its composite hollow fibers, J. 
Membr. Sci. 88 (1994) 21–36. 
[11]  D.T. Clausi, W.J. Koros, Formation of defect-free polyimide hollow fiber 
membranes for gas separations, J. Membr. Sci. 167 (2000) 79–89. 
[12]  T.S. Chung, Fabrication of Hollow-Fiber Membranes by Phase Inversion. In: 
N.N. Li, A.G. Fane, W.S.W. Ho, T. Matsuura, Advanced Membrane Technology 
and Applications, Hoboken, NJ, USA: John Wiley & Sons, Inc. 2008. Book 
Chapter 31 
[13]  N. Peng , T.S. Chung, M.L. Chng ML, Aw W. Evolution of ultra-thin 
dense-selective layer from single-layer to dual-layer hollow fibers using novel 
Extem® polyetherimide for gas separation, J. Membr. Sci. 360 (2010) 48–57. 
[14]  T. Yanagimoto, Method for manufacture of hollow-fiber porous membranes, 
Japanese Pat (1988) 63,092,712. 
[15]  O.M. Ekiner, R.A. Hayes, P. Manos, Novel multicomponent fluid separation 
membranes, US Pat (1992) 5,085,676. 
177 
[16]  D.F. Li, T.S. Chung, R. Wang, Y. Liu, Fabrication of fluoropolyimide/ 
polyethersulfone (PES) dual-layer asymmetric hollow fiber membranes for gas 
separation, J. Membr. Sci. 198 (2002) 211–223. 
[17]  S. Husain, Mixed matrix dual layer hollow fiber membranes for natural gas 
separation, Ph.D. dissertation, Georgia Institute of Technology, Atlanta, GA, 
2006. 
[18]  K. Kneifel, K.V. Peinemann, Preparation of hollow fiber membranes from 
polyetherimide for gas separation, J. Membr. Sci. 65 (1992) 295–307. 
[19]  Y. Wang, L.Y. Jiang, T. Matsuura, T.S. Chung, S.H. Goh, Investigation of the 
fundamental differences between polyamide-imide (PAI) and polyetherimide 
(PEI) membranes for isopropanol dehydration via pervaporation, J. Membr. Sci. 
318 (2008) 217–226. 
[20]  T. Visser, M. Wessling, Auto and mutual plasticization in single and mixed gas 
C3 transport through Matrimid-based hollow fiber membranes, J. Membr. Sci. 
312 (2008) 84–96. 
[21]  L.Y. Jiang, Z.W. Song, Interfacial resistance of dual-layer asymmetric hollow 
fiber pervaporation membranes formed by co-extrusion. J. Polym. Res. 18 (2011) 
2505–2514. 
[22]  W.F. Yong, F.Y. Li, Y.C. Xiao, T.S. Chung, Y.W. Tong , High performance 
PIM-1/Matrimid hollow fiber membranes for CO2/CH4, O2/N2 and CO2/N2 
separation, J. Membr. Sci. 443 (2013) 156–169. 
178 
[23]  L.Y. Jiang, T.S. Chung, R. Rajagopalan, Matrimid®/MgO mixed matrix 
membranes for pervaporation. AIChE J. 53 (2007) 1745–1757. 
[24]  S. Husain, W.J. Koros, Mixed matrix hollow fiber membranes made with 
modified HSSZ-13 zeolite in polyetherimide polymer matrix for gas separation. J. 
Membr. Sci. 288 (2007) 195–207.  
[25]  Y. Dai, J.R. Johnson, O. Karvan, D.S. Sholl, W.J. Koros, Ultem®/ZIF-8 mixed 
matrix hollow fiber membranes for CO2/N2 separation. J. Membr. Sci. 401–402 
(2012) 76–82. 
[26]  L. Hao, P. Li, T.S. Chung, PIM-1 as an organic filler to enhance the gas 
separation performance of Ultem polyetherimide. J. Membr. Sci. 453 (2014) 
614–623. 
[27]  N. Du, H.B. Park, G.P. Robertson, M.M. Dal-Cin, T. Visser, L. Scoles, M.D. 
Guiver, Polymer nanosieve membranes for CO2-capture applications. Nat. Mater. 
10 (2011) 372–375. 
[28]  S. Bonyadi, T.S. Chung, W.B. Krantz, Investigation of corrugation 
phenomenon in the inner contour of hollow fibers during the non-solvent 
induced phase-separation process. J. Membr. Sci. 299 (2007) 200–210. 
[29]  N. Peng, T.S. Chung, The effects of spinneret dimension and hollow fiber 
dimension on gas separation performance of ultra-thin defect-free Torlon® 
hollow fiber membranes. J. Membr. Sci. 310 (2008) 455–465. 
179 
[30]  S.J. Shilton, Forced convection spinning of hollow fibre membranes: Modelling 
of mass transfer in the dry gap, and prediction of active layer thickness and depth 
of orientation. Sep. Purif. Technol. 118 (2013) 620–626. 
[31]  T.S. Chung, The limitations of using Flory-Huggins equation for the states of 
solutions during asymmetric hollow fiber formation. J. Membr. Sci. 126 (1997) 
19–34. 
[32]  C.C. Pereira, R. Nobrega, K.V. Peinemann, C.P. Borges, Hollow fiber 
membranes obtained by simultaneous spinning of two polymer solutions: a 
morphological study. J. Membr. Sci. 226 (2003) 35–50. 
[33]  S.A. Gordeyev, S.J. Shilton, Forced convection spinning of gas separation 
hollow fiber membranes: some underlying factors, mechanisms and effects. J. 
Membr. Sci. 229 (2004) 225–233. 
[34]  S.T. Kao, S.H. Huang, D.J. Liaw, W.C. Chao, C.C. Hu, C.L. Li, D.M. Wang, 
K.R. Lee, J.Y. Lai, Interfacially Polymerized Thin-film Composite Polyamide 
Membrane: Positron Annihilation Spectroscopic Study, Characterization and 
Pervaporation Performance. Polym. J. 42 (2010) 242-248. 
[35]  Y. Huang, T.C. Merkel, R.W. Baker, Pressure ratio and its impact on membrane 
gas separation processes. J. Membr. Sci. 463 (2014) 33–40. 
[36]  D. Wang D, K. Li, T.K. Teo, Preparation and characterization of 
polyetherimide asymmetric hollow fiber membranes for gas separation. J. 
Membr. Sci. 138 (1998) 193–201. 
180 
Chapter Eight  
 







8.1.1 A review of the research objectives 
To reduce the carbon emission from fossil fuel power plants, which contributes 80% 
global carbon emission, several CCS methods, including membrane technology, 
have been developed. In order to improve the performance of the gas separation 
membrane materials, many different techniques have been proposed by prior 
researchers, namely, synthesis of new monomers, polymer blending, post-synthetic 
modifications, etc. In this work, MMMs with inorganic particles (ZIFs) and organic 
filler (PIM-1) were explored to further modify membranes for carbon dioxide 
capture in pre-combustion natural gas sweetening (CO2/CH4), post-combustion flue 
gas treatment (CO2/N2) and oxy-combustion air separation (O2/N2). 
 
Materials with good CO2 affinity were first selected as the matrix components. RTIL, 
PIM-1 and ZIFs are all new types of materials in gas separation. ZIFs are applied as 
inorganic filler inside PIL, PIL/RTIL and PIM-1 systems. These materials’ 
physiochemical and gas permeation properties were investigated. Adding free ILs 
enhanced the flexibility and permeability of the PIL/ZIF system. The PIM-1/ZIF-71 
MMMs were treated with UV exposure for 40 minutes. Significantly enhanced gas 
pair selectivities were observed for CO2/CH4 and O2/N2.  
 
PIM-1 was further utilized as organic filler in MMMs which synergistically 
combined the strength of both Ultem and PIM-1, namely, the high selectivity of 
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Ultem and high permeability of PIM-1. The practicability of employing 
Ultem/PIM-1 MMMs in industrial applications was also demonstrated with hollow 
fiber configuration. Defect-free dual-layer hollow fibers with ultrathin skin layer 
were successfully fabricated through one-step dry/wet spinning without any 
post-treatments. Overall, membranes from both projects exhibit promising 
performance in gas transport properties. The detailed results and findings are 
summarized in the following sections. 
 
8.1.2 MMMs containing ZIF nanoparticles 
A series of free standing MMMs consisting of PIL/RTIL/ZIF-8 and PIM-1/ZIF-71 
were fabricated for pre-combustion natural gas sweetening, post-combustion CO2 
capture and oxy-combustion air separation. For the PIL/RTIL/ZIF-8 system, it 
consists of (1) PIL [vbim][NTf2], (2) free RTILs [emim][BF4], [emim][NTf2] or 
[emim][B(CN)4] and (3) ZIF-8 nanoparticles. The newly synthesized MMMs are 
stable with well dispersed ZIF-8 nanoparticles. Excellent miscibility is also found for 
blends made of PIL [vbim][NTf2] and free RTILs. All ZIF-8 incorporated 
membranes exhibit significantly enhanced permeability for CO2/N2 and CO2/CH4 
gas pairs. The CO2 permeability of P[vbim][NTf2]/ [emim] [B(CN)4]/ZIF-8 can 
reach over 1000 barrers with similar CO2/N2 and CO2/CH4 selectivities of 24.20 and 
12.34 as the pristine P[vbim][NTf2]/RTIL system. The permeability enhancements 
with the addition of ZIF-8 nanoparticles of P[vbim][NTf2]/ZIF-8, P[vbim][NTf2]/ 
[emim][NTf2]/ZIF-8 systems follow the Maxwell predictions closely, representing 
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the formation of fully heterogeneous membranes embedded with ZIF-8 nanoparticles 
uniformly. The P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 system shows an interesting 
phenomenon where the homogeneous P[vbim][NTf2]/RTIL phase shifts to be more 
heterogeneous when ZIF-8 loading increases. As a result, a double employment of 
Maxwell equation is needed to predict the enhanced gas permeability if the ZIF-8 
loading is increased. The P[vbim][NTf2]/[emim][B(CN)4]/ZIF-8 system with a ZIF-8 
loading of 25.8 wt% exhibits impressive performance for post-combustion CO2/N2 
(50/50 mol%) separation. It has a CO2 permeability of 906.36 barrers and a CO2/N2 
selectivity of 20.95 at 35 °C and 3.5 bar. For the CO2/CH4 mixed gas system, it has a 
CO2 permeability of 928.71 barrers and a CO2/CH4 selectivity of 11.55.  
 
For PIM-1/ZIF-71 MMMs series, they were prepared and further treated through 
photo-oxidation by UV. Their physiochemical and gas transport properties were 
investigated. ZIF-71 nanoparticles are randomly and uniformly distributed inside the 
polymer matrix with good compatibility. No chemical changes in the particles were 
observed after mixing with the polymer or UV treatment, as evidenced from XRD 
and FTIR. All MMMs exhibit significantly improved permeability for single gases, 
including O2, N2, CH4 and CO2. The CO2 permeability of PIM-30ZIF reaches 8377 
barrers with comparable O2/N2, CO2/N2 and CO2/CH4 selectivities of 3.5, 18.3 and 
11.2 to those of the pristine PIM-1. The measured permeability follows the Maxwell 
predictions well, indicating the formation of wholly homogenous MMMs containing 
ZIF-71.After photo oxidation for 40 min, the resultant PIM-1 membrane possesses 
184 
much higher selectivity for O2/N2, CO2/N2 and CO2/CH4. Embedding ZIF-71 helps 
to further improve its permeability. UV-30ZIF has an O2 permeability of 807 barrers 
and CO2 permeability of 3458.6 barrers. Their corresponding O2/N2 and CO2/CH4 
selectivities are 6.3 and 35.6, respectively. A dense skin layer is formed on 
membrane surface as a consequence of UV treatment induced polymer chain scission. 
It has an estimated thickness of around 200 nm from PAS. The newly developed 
PIM-1ZIF-71 membranes also exhibit impressive mixed gas separation performance 
for CO2/CH4 separation with selectivities above 32 and 28 for UV-20ZIF and 
UV-30ZIF, respectively, while their CO2 permeabilities can be maintained at above 
75% of their intrinsic permeabilities from pure gas tests. Overall, the 
UV-PIM-1/ZIF-71 membranes have superior separation performance with both high 
permeability and selectivity for CO2/CH4 or other gas pair separation. 
 
8.1.3 Fabrication of flat sheet and hollow fiber MMMs with organic filler  
The maximum loading of particles inside the membrane is often limited. To enhance 
the permeability of a low permeable material, e.g. Ultem, PIM-1 was proposed as the 
organic filler to form MMMs. Ultem and PIM-1 form good dispersions when the 
PIM-1 loading is low (< 20 wt%) or high (> 90 wt%) as observed from the 
morphologies measured by both PLM and AFM. A slight shift of Ultem Tg from 
215 °C to 221 °C was detected by DSC for the Ultem/PIM-1 (50/50) membrane, 
suggesting the system might be partially miscible. The shifts of FTIR and XRD 
peaks suggest that interactions between Ultem and PIM-1 are at a molecular level. 
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According to the density measurements, the free volume of Ultem/PIM-1 MMMs 
increases as the PIM-1 loading increases. Positive deviations in free volume from the 
linear additional rule at low PIM-1 loadings may be resulted from interface voids, 
while negative deviations were observed at higher PIM-1 loadings possibly due to 
the filling of Ultem molecules into PIM-1 pores. Permeability of the MMMs 
increases remarkably with the addition of a small amount of PIM-1 filler without 
much scarifying the selectivity, e.g. the permeability of CO2 increases 47% and 167% 
when the PIM-1 loadings are 5 wt% and 10 wt%, respectively. The mixed gas results 
exhibit comparable performance with their respective pure gas tests. The 
permeabilities of the MMMs follow nicely with the semi-logarithm addition when 
the PIM-1 loadings are low (< 20 wt%), indicting relatively homogenous blends at 
these compositions, while they match closely with the Maxwell prediction at high 
PIM-1 loadings (> 90 wt%) due to the good dispersion of Ultem inside PIM-1.  
 
To further analyse the feasibility of applying this method in large scale gas 
separation applications, dual-layer Ultem/PIM-1 hollow fibers containing 5-15 wt% 
PIM-I in the outer selective layer have been fabricated through spinning technology. 
Defect-free hollow fibers were successfully fabricated under several spinning 
conditions. With an addition of 5 wt% PIM-1 in the selective layer, the fibers show a 
50 % increment in O2 and CO2 permeance while maintaining the O2/N2 and 
CO2/CH4 selectivity at around 7 and 36, respectively. A further increase in PIM-1 
loading towards 15 wt% pushes the CO2 permeance till 49.0 GPU but the CO2/CH4 
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selectivity slightly drops to around 28.9. The dense layer thicknesses of the newly 
developed fibers are estimated to be between 70 nm to 120 nm, indicating the 
successful formation of ultrathin selective layers. A higher PIM-1 loading tends to 
increase the dense layer thickness. These thickness values are further verified by 
PAS measurements with good agreements. Mixed gas results of Ultem/PIM-1 hollow 
fibers 10B and 15B exhibit slightly higher CO2/CH4 selectivity without much 
compromising gas permeance due to the better CO2 affinity contributed by PIM-1. 
The dual-layer co-extrusion technology ensures an extremely low usage of the 
expensive material in the resultant fibers. Only 0.88, 1.7 and 2.3 wt% PIM-1 of the 
total polymeric materials were consumed in the fibers of Ultem/PIM-1 (95/5), 
Ultem/PIM-1 (90/10) and Ultem/PIM-1 (85/15), respectively. In summary, 5B, 10B 
and 15B spun under condition UB1 are nearly defect free as a result of balanced 
spinning conditions with a higher air gap distance. Under properly designed spinning 
conditions, the permeance of Ultem, a low permeable material, can be considerably 
improved by incorporating a minimum amount of a high free volume material 
without much sacrifice in its gas selectivity. This study also opens up the potential of 
using PIM-1 as organic filler to enhance the permeability of low permeable materials 
for industrial gas separation applications. 
 
8.2 Recommendations 
8.2.1 Photo-oxidative PIM-1/ZIF MMMs for hydrogen purification 
According to Fig. 1.2, besides CO2/N2, CO2/CH4 and O2/N2 separation for 
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carbon-reducing power generation, H2/CO2 is another essential separation challenge 
in CCS or the application of clean energy. Although this work focuses more on 
CO2-philic materials, in fact, many ZIF nanoparticles demonstrate good separation 
performance in hydrogen purification, including but not limited to ZIF-7, ZIF-8, 
ZIF-11, ZIF-69, ZIF-71, ZIF-77 and ZIF-95. Their H2/CO2 selectivities coupled with 
H2 permeabilities are above the Robeson trade-off curve.  
 
Based on Table 2.7, Matrimid/ZIF-8, -90 and PBI/ZIF-7, -8, -90 have been 
developed for hydrogen purification. However, the pristine permeabilities of 
Matrimid and PBI are relatively low. For photo-oxidative PIM-1, the O2/N2, CO2/N2, 
CO2/CH4 increased considerably with some reduction in its permeability, but the UV 
treatment still placed the membrane performance above Robeson upper bound. 
Elongated UV treatment could induce more chain scission and even denser surface 
layer. This could help the formation of a more H2-selective layer. In order to enhance 
the permeability, selected ZIFs can be added inside the MMMs. Considering the 
preferable operational conditions for hydrogen purification, other chemical 
modification might also be needed to improve the thermal stability of UV-treated 
PIM-1 as well as their gas selectivity in mixed gas testing. 
 
8.2.2 Aging and plasticization behaviours of MMMs thin films 
Industrial gas separation membranes usually possess thin dense selective layers of 
around 100 nm. Recent studies revealed that the physical aging behaviour of thin 
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films could be considerably different from their bulk films ( > 20 μm). This aging 
process refers to the decrease in the free volume when a glassy polymer slowly 
approaches to its equilibrium state (Fig. 2.3). The aging behaviour becomes more 
pronounced when the film thicknesses are at nano-range. Researchers suggested the 
high segmental mobility at the less restricted surface of thin films contributes to the 
faster aging, but detailed reasons are not yet fully understood. 
 
The research on thin films is more focused on pure polymers, including Matrimid, 
PSF, Teflon, Extem® and some 6FDA-based polymers. The study on the aging and 
plasticization phenomena in polymer/particle or polymer/organic filler MMM thin 
films is limited. One possible reason is that the particle sizes of fillers are usually 
over 100 nm, which is larger than or equivalent to the desired thickness of thin films. 
ZIFs can be synthesized with small sizes (30~50 nm) thus are feasible to be 
incorporated into thin films. PIM-1 as organic filler is not constrained by the size 
issue either. Thin-film MMMs with small size ZIFs or PIM-1 filler may exhibit 
different aging behaviours compared to their bulk counterparts. The study of MMM 
thin films can contribute more knowledge in understanding the behaviour and 
mechanisms of physical aging. 
 
Besides aging, the plasticization phenomena of Matrimid, PSF and PPO thin films 
were also reported to be different from those of their bulk films. The plasticization of 
MMM thin films is a much less exploited area because of the difficulty in fabricating 
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uniform and defect-free thin MMMs. But during operation under elevated pressure, 
the plasticization behaviour may affect gas pair separation performance especially 
when condensable gases are involved. More attention should be drawn on the 
physiochemical property changes in MMM thin films. 
 
8.2.3 Molecular engineering of MMMs for real CCS cases  
During pre- and post-combustion process, the gas streams usually contain many 
other impurities such as H2S, CO, H2O, SOx, NOx, C2-C4 and other heavy 
hydrocarbons. The presence of water molecules can largely affect the gas transport, 
while acid gas may shorten the membrane’s lifetime. In addition, the operation 
conditions for both pre- and post-combustion, i.e. operation temperatures and 
pressures, are different from lab-scale experiments. For pre-combustion after 
water-gas shift reaction, the operation conditions can be 40 oC and up to 30 bar, 
while the post-combustion conditions are 50-75 oC at 1 bar. MMMs should be tested 
at near-real conditions, if not completely identical. 
 
In order to effectively separate the trace acid gas or minimize their effects, molecular 
engineering of polymers and fillers should focus on the modification of certain 
functional groups. In order to sustain the testing conditions, i.e. humidity, elevated 
temperature and high pressure, the chemical, thermal and mechanical properties of 
MMMs must be enhanced as well.  
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